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of  the  Army  Research  Laboratory  of  Ft.  Monmouth  N.J.,  and  with  Drs. 
M.  Delsignore,  H.  Maaser  and  D.  Saar  of  Colgate-Palmolive,  N.J.. 

The  activity  of  the  research  dealt  with  the  characterization  of  the 
structure  and  dynamics  of  solutions  of  lithium  salts  relevant  to  second¬ 
ary  battery  construction. 


1)  We  started  with  a  work  dealing  with  LiAsF,  and  LiClO.  in  the  solvent 
dimethylcarbonate  (permittivity  e=3.1).  It  was  shown  that  account¬ 
ing  for  the  increase  in  permittivity  of  the  solvent,  (and  including 
both  ion  pairs  and  triple  ions )  one  could  extend  the  validity  of 
the  Fuoss-Onsager-Kraus  theories  to  ~0.1M,  as  long  as  one  used  the 
solution  permittivities.  This  work  was  published  in  the  Journal 
of  Physical  Chemistry  (PI  in  the  attached  list). 


2)  A  new  theoretical  derivation  of  the  triple  ion  formation  constant 
was  presented  and  compared  with  previous  theories  by  Fuoss  and 
Fuoss-Kraus.  This  work  was  also  published  in  the  J.  Phys.  Chemistry 
( P2  in  the  attached  list  and  correction  P3  in  the  attached  list). 

3)  We  compared  information  by  infrared  spectra  looking  at  the  "CN" 
stretch  of  the  SCN  ion  with  ultrasonic  relaxation  spectra  for 
the  systems  NaSCN  and  LiSCN  in  the  solvent  tetrahydrofuran  (THF). 
One  of  the  important  conclusions  reached  here  was  that  if  solvent 
seperated  species,  ion-pairs  and/or  dimer  exist  in  solution,  vibra¬ 
tional  spectra  may  give  incorrect  results  for  the  corresponding 
formation  constants.  This  work  was  published  in  the  Journal  of 
Phys.  Chemistry  ( P4  in  the  attached  list  ). 

4)  The  effect  of  addition  of  a  macrocycle  as  18-crown-6  to  NaSCN  in 
THF  was  investigated  by  infrared  spectra  and  by  microwave  dielectric 
relaxation.  The  deconvoluted  IR  spectra  showed  that  only  one 
Gaussian-Lorentzian  band  suffices  to  interpret  the  IR  spectrum 
at  variance  with  the  case  of  NaSCN  in  THF  where  three  bands  are 
necessary.  This  was  taken  to  indicate  segregation  of  Na  by  the 
macrocycle  and  exclusion  of  the  anion  from  contacting  the  cation. 
Microwave  spectra  confirmed  the  above  showing_  a  larger  apparent 
dipole  moment  of  the  crown  ether-complex  NaC  NCS  with  respect  to  the 
Na  ,  NCS  species.  This  work  was  published  in  the  J.  Phys.  Chem¬ 
istry  (P5  in  the  list). 

5)  Electrolytes  as  LiAsFg  and  LiClO^  in  the  solvent  2  methyltetrahydro- 
furan  may  be  used  as  electrolyte  solutions  in  batteries  (especially 
LiAsFg ) .  We  therefore  engaged  in  a  study  of  dynamic  _and  structure 
of  these  systems  using  conductance,  infrared  spectra  ( v,  vibrational 
mode  of  the  AsF~  and  v.  vibrational  mode  of  the  CloT  anron  respect¬ 
ively),  microwave  dielectric  and  ultrasonic  spectra?  Work  at  various 
temperatures  was  included  as  the  batteries  using  these  electrolytes 
may  be  employed  at  low  temperature  either  in  stratospheric  conditions 
(missiles)  or  subarctic  conditions  ( GI ' s  in  the  field). 
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During  this  work,  following  a  suggestion  of  Dr.  Songtag  of  Bergen 
Univ.,  Norway  we  started  considering  an  alternate  model  to  interpret 
the  conductance  data  already  used  in  PI.  We  included  the  solution 
permittivities  but  excluded  triple  ions  from  the  model  description 
of  the  electrolyte  solutions  and  we  could  still  describe  satisfac¬ 
torily  the  conductance  data.  These  papers  were  published  in  the 
Journal  of  Physical  Chemistry  (P6  and  P7  in  the  list). 

LiAsF,  and  LiClO^  added  of  macrocycles  as  12 -crown- 4,  15 -crown- 5 
and  F8  -  crown  -64  in  the  solvent  1 , 3-Dioxolane  ( DXL )  were  studied 
by  infrared  spectra.  The  macrocycles  tend  to  segregate  Li  from  an¬ 
ion  contact  (except  12-Crown-4  +  LiClO^  in  DXL).  In  addition  the 
stability  of  LiAsF^  in  DXL  is  enhanced  with  absence  of  formation 
of  solid  polymers  (as  in  the  absence  of  macrocycles).  This  is  a  rele¬ 
vant  information  for  battery  construction  using  these  systems. 

Studies  by  ultrasonic  relaxation  for  both  systems  and  by  conductance 


and  dielectric  relaxation  for  LiClO^ 
also  reported. 


Macrocycles 


Again  for  LiCIO  alone  in  DXL  the  conductance  data  could  be  fitted 
by  the  Fuoss-Onsager  theory  using  the  solution  permittivities  with¬ 
out  need  of  postulating  the  presence  of  triple  ions.  These  paper 
were  accepted  by  the  Journal  of  Phys.  Chem.  and  they  are  in  press 
( P8  and  P9  respectively  in  the  list  below). 

We  decided  to  look  at  the  effect  of  a  macrocycle  as  18C6  when  added 
to  LiC104  in  a  solvent  of  extremely  low  permittivity  as  dimethyl- 
carbonate  ( DMC  ) .  We  studied  infrared  spectra  (\>4  mode  of  C104  ) , 
microwave  dielectric  spectra,  and  electrical  conductivity  of  this 
system. 

The  conductance  data  for  both  LiC104  and  LiC104+18C6  in  DMC  can¬ 
not  be  fitted  by  the  Fuoss-Onsager  equation4  ( using  the  formation 
constant  for  ion  pairs  as  a  fitting  parameter,  the  solution  permit¬ 
tivities  and  excluding  triple-ions)  unless  one  resigns  to  change 
the  distance  parameter  of  contact  ion-pairs. 

These  systems  show  however,  formation  of  ion-pair  dimers.  We  then 
found  in  the  Russian  Literature  a  suggestion  that  these  interactions 
could  be  expressed  by  an  ion-pair  activity  coefficient.  We  calcul¬ 
ated  these  ion-pair  activity  coefficients  from  the  conductance  data 
as  ratio  between  the  experimental  formation  constants  and  the  cal¬ 
culated  ones  using  the  Fuoss  theory  ai^d  a  fixed  contact  diameter 
(the  one  at  very  low  concentration  c<10  mol/dm3).  We  then  derived 
a  theory  of  activity  coefficients  based  on  dipole-dipole  potentials 
which  reproduces  satisfactorily  the  activity  coefficients  for  the 
ion-pairs  up  to  c  =  10  ^M.  The  conclusion  of  this  study  is  that  there 
is  no  need  of  postulating  presence  of  triple  ions  characterized  jjjjp 
by  their  own  formation  constant  to  rationalize  the  minima  shown 
by  the  conductance-concentration  data. 

It  is  enough  to  include  the  changes  in  the  permittivity  of  the  sol - 

utions  due  to  the  presence  of  polar  ion-pairs  to  account  for  the 
behavior  of  the  conductance  data.  In  solvents  of  very  low  permit¬ 
tivities,  it  may  be  necessary  to  take  into  account  the  ion-pair  - 

to  ion-pair  interaction  through  activity  coefficients  to  describe  oA*S. 
the  conductance  data.  ^  /•** 
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The  above  does  not  mean  that  in  some  cases  triple  ions  do  not  exist. 
It  is  known  that  Ag  tends  to  _coordinate  two  ligands  with  covalent 
bonding,  hence  species  as  AgC^  are  known.  The  above  only  indicates 
that  the  presence  of  triple  ions  is  not  ubiquitous  at  low  permit¬ 
tivity  as  commonly  accepted  so  far  by  electrochemists. 

The  above  paper  is  going  to  be  submitted  for  publication. 

8)  LiAF^  and  LiClO^  in  the  solvent  methylacetate,  a  system  relevant 
to  battery  construction,  has  been  studied  by  infrared  spectra,  di¬ 
electric  relaxation  and  electrical  conductivity,  the  latter  work 
carried  in  cooperation  with  Dr.  Salomon  of  the  Army  laboratory 
of  Ft.  Monmouth.  A  critical  analysis  of  the  relative  precision 
of  the  fit  of  the  conductance  data  using  the  Fuoss-Onsager  theory 
inclusion  of  triple  ions  vss  the  solution  permittivity  and  exclusion 
of  triple  ions  has  been  carried  out. 

This  paper  is  in  preparation  at  the  present  time.  Preliminary 
results  have  been  reported  in  the  Technical  report  of  Jan.  1988. 
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Audio-frequency  electrical  conductivity  results  are  reported  for  the  solvent  dimethyl  carbonate  (DMC)  at  25  °C  in  the 
concentration  range  10~*  to  1  M  for  LiAsF*  and  I0"4  to  0.3  M  for  LiCI04.  From  10-4  to  ~I0'2  M  the  data  are  interpreted 
by  the  Fuoss-Kraus  triple-ion  theory  leading  to  the  values  of  the  ion-pair  formation  constant  Kp  and  triple-ion  formation 
constant  AT.  For  the  data  at  higher  concentration,  it  is  shown  that  the  change  of  static  permittivity  of  the  solution  (due 
to  the  presence  of  solute  ion  pairs  and  other  polar  species,  which  increase  the  polarization  of  the  solution)  can  account  qualitatively 
for  the  behavior  of  the  conductance  data  and  for  their  deviation  from  the  Fuoss-Kraus  theory.  In  other  words,  these  deviations 
arc  mostly  due  to  changes  in  permittivity  (not  accounted  for  by  the  conventional  treatment  of  the  data)  rather  than  by  the 
failure  of  the  theory,  which  is  better  than  recognized  so  far.  Introduction  of  the  quadrupole  formation  constant  is  necessary, 
however,  for  LiAsF*  for  a  more  quantitative  treatment  of  the  conductance  data.  Microwave  complex  permittivities  in  the 
concentration  range  0.05-0.3  M  and  frequency  range  =  1-90  GHz  are  interpreted  by  two  Debye  relaxation  processes,  one 
due  to  the  solute  and  one  to  the  solvent.  For  LiAsF6  the  Bottcher  plot  (expressing  a  quantity  related  to  the  change  of  the 
relaxation  strength  (<0  -  «.,)  with  the  concentration  of  electrolyte)  is  nonlinear  with  the  concentration.  Correction  of  the 
concentration  by  postulating  the  presence  of  dielectrically  apolar  dimers  linearizes  the  plot  with  a  quadrupole  formation  constant 
of  the  order  of  =  50  M'1,  although  this  figure  is  very  tentative.  For  LiCI04  no  curvature  in  the  Bottcher  plot  is  visible, 
suggesting  that  the  presence  of  quadrupoles  is  not  significant  for  this  electrolyte  in  DMC,  a  notion  already  reported  in  the 
literature.  The  distance  separation  of  the  charges,  as  calculated  from  the  apparent  dipole  moment  of  both  LiAsF6  and  LiCI04, 
suggests  the  presence  of  contact  ion  pairs. 


Introduction 

Research  with  the  electrochemically  relevant  electrolyte  LiAsF( 
has  been  carried  out  so  far,  in  this  laboratory,  in  the  ethereal 
solvents  1 ,2-dimethoxyethane1  and  2-methyltetrahydrofuran2  of 
respective  permittivities  <  *  7.05  and  6.2.  This  electrolyte  shows 
a  high  solubility  (>  1  M)  in  the  solvent  dimethyl  carbonate  of  t 
=  3.1. 3  Due  to  its  higher  electrolyte  strength  with  respect  to 
LiCI04,4  perhaps  due  to  stcric  and  donicity  properties  of  AsF6', 
it  was  thought  quite  relevant  to  carry  a  parallel  investigation  of 
LiAsF6  and1-2  LiCI04  in  DMC  also  because  of  the  rare  chance 
to  extend  to  high  electrolyte  concentrations  a  study  in  a  medium 
of  such  low  permittivity.  Two  experimental  methods,  audio¬ 
frequency  electrical  conductivity  and  microwave  coaxial  and 
rectangular  waveguide  reflectometry  (leading  to  the  determination 
of  the  complex  permittivity  t*  -  t'  -jt"),  have  been  used  at  the 
temperature  t  =  25  °C.  The  present  work  also  extends  to  higher 
concentrations  of  LiCI04  some  microwave  work  reported  earlier.3 

Experimental  Part 

LiAsF6  (Agri  Chemical  Co.,  Atlanta,  GA)  and  LiC104  (C.  P. 
Smith  Co.,  Cleveland,  OH)  were  dried  at  70  #C  in  vacuo  over¬ 
night.1  Dimethyl  carbonate  (Aldrich  Chemical  Co.,  99%  product) 
was  distilled  twice  in  a  Pyrex  Vigreaux  column  without  grease 
on  the  joints.  A  portion  of  DMC  was  dried  over  activated  4  A 
molecular  sieves  and  distilled  over  them  (about '/s  of  volume  of 
sieves  with  respect  to  the  liquid).  The  molecular  sieves  were  dried 
at  *100  °C  in  vacuo  overnight.  A  conductivity  run  for  LiAsF6 
in  DMC  distilled  over  molecular  sieves  gave  the  same  results  as 
for  DMC  distilled  without  molecular  sieves.  For  the  microwave 
work,  solutions  were  kept  in  desiccators.  Contact  with  open 
atmosphere  was  kept  to  a  few  seconds,  namely,  the  time  necessary 
to  fill  the  cells.  The  equipment  for  the  conductance  work  has  been 
extensively  described.  The  setups  for  the  microwave  work  have 
been  reported  in  previous  papers. 3-6-7  The  only  change  of  sig¬ 
nificance  has  been  in  the  automation  and  digitization  of  data 
capturing.  Specifically,  the  1000-Hz  modulated  signal  from  the 
crystal  detectors  is  now  fed  to  a  Hewlett-Packard  3468A  digital 
voltmeter  which  is  sensitive  to  ±1  pV.  The  meter  is  part  of  a  loop 
comprising  a  Hewlett-Packard  4ICV  calculator,  a  HP-82160A-II, 

*  Present  address:  Colgate-Palmolive  Co.,  Piscataway,  NJ. 


interface,  and  a  HP82162A  thermal  printer.  The  ac-modulated 
voltage  is  transmitted  to  the  calculator  upon  pressing  a  command 
that  induces  the  calculator  to  “listen"  to  the  voltmeter.  The 
calculator  in  turn  “talks"  to  the  printer  giving  the  decimal  log  of 
the  digitized  voltage  which  gets  hard  copied.  The  micrometric 
measurements  of  the  reflector  have  also  been  motorized  with  the 
result  that  the  system  is  a  semiautomatic  reflectometer  recording 
the  decibel  vs.  distance  of  the  reflector  receding  from  the  mica 
window  holding  the  liquid  at  the  bottom  of  the  coaxial  line  (1-4 
GHz)  or  of  various  waveguides  (8-90  GHz). 

Results  and  Discussion 

Electrical  Conductance.  Table  I  reports  the  equivalent  electrical 
conductivities  A  (IT1  cm2  equiv1)  and  the  molar  concentration 
c  (M)  for  LiAsF6  in  DMC  at  25  °C.  Four  runs  were  performed 
with  two  conductance  cells  of  cell  constant  Kc  =  0.1 156  and  0.2794 
cm'1.  This  last  cell  was  used  for  run  4  at  c  >  0.5  M.  We 
recalibrated  the  cell  of  lower  constant  with  recrystallized  KCi 
dissolved  in  water,  measuring  the  cell  impedance  in  the  frequency 
range  1000-5000  Hz  and  using  the  Fuoss  et  al.  equation*  for  the 
cell  calibration 

A  =  149.93  -  94.65c1'2  +  58.74c  log  c  +  198.4c 
The  result  over  five  solutions  was 

Kc  -  0.1 156  ±  0.0004  cm'1 

Figure  1  shows  the  same  data  in  the  form  of  log  A  vs.  log  c. 
A  dramatic  change,  over  several  orders  of  magnitude  for  A, 
changing  with  concentration,  takes  place.  Cleary,  at  *1  M  we 
have  a  conductivity  comparable  to  the  one  of  Li  AsFt  in  DME  at 
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TABLE  I:  Equivalent  Coadnctaace  A  and  Molar  Coaceatrarion  e  for 
UAjF,  aad  U004  in  Dimethyl  Carbonate  at  t  »  25  °C 


LiAsF6  in  Dimethyl  Carbonate* 


run  no.  10V,  M 

A, 

cm2 

equiv"1 

run  no. 

10V,  M 

A.  Or' 
cm2 
equiv"1 

1  1.6881 

0.008  235 

2 

2.2480 

0.007  718 

3.2683 

0.006724 

4.9147 

0.005702 

6.6691 

0.005031 

9.2272 

0.004  404 

12.282 

0.004052 

24.829 

0.003  526 

31.446 

0.003626 

58.403 

0.003  832 

75.513 

0.004  278 

113.06 

0.005421 

142.59 

0.006703 

216.50 

0.01102 

281.56 

0.016853 

427.08 

0.03960 

412.96 

0.036562 

692.08 

0.1442 

450.84 

0.045138 

884.22 

0.293  5 

3  1511.9 

1.1488 

4 

5127 

6.8609 

1807.4 

1.6670 

10090 

9.002 

3110.5 

3.9865 

LiCI04  in  Dimethyl  Carbonate* 
run  no.  10V,  M  A,  O'1  cm2  equiv"1 


3.5683 

0.0025203 

10.720 

0.001558  3 

20.323 

0.001328  2 

42.937 

0.001  3181 

78.760 

0.0014885 

159.865 

0.002  148  1 

412.97 

0.005  878  5 

696.65 

0.013938 

863.82 

0.021  501 

1059.4 

0.041  264 

1417.4 

0.084089 

2488.3 

0.3368 

"Runs  I,  2,  and  3  were  performed  with  a  cell  of  constant  Kc  * 
0.1156  cm'1,  and  run  4  was  performed  with  a  cell  of  constant  = 
0.2794  cm"1.  *Both  runs  were  performed  with  a  cell  of  constant  Kc  = 
0.1156  cm"1. 


c  =»  10~4  M,  a  not  too  surprising  event  if  one  realizes  that  the 
permittivity  of  the  solution  has  increased  drastically  from  c  =  3.1, 
the  value  of  the  solvent,  as  shown  below.  In  the  range  of  electrolyte 
concentration  10^-1  O'2  M,  the  classical  Fuoss-Kraus  theory  for 
triple-ion  formation9  reads 


Agf<V/2  = 


Aq  AqT^t/ 

v/2  v/2v 


(l) 


Figure  I.  log  A  vs.  log  c  for  LiAsF*  in  DMC  at  25  °C.  A  is  the 
equivalent  conductivity,  and  c  is  the  molar  concentration. 


Fuosb  -  Kraus  triple  ions  theory 


Figure  2.  A g(c)c,/2  vs.  (1  -  A/Ao)c  for  LiAsF6  in  DMC  at  c  <  0.01  M. 


with 


«(e) 


( 


. ) 

F5 


1/2 


where  ft'  is  the  Debye-Hflckel  activity  coefFtcienl  term 
_  1-8247  X  10* 

p  =  («r>v2 


and 


S  =  aA0  +  ft 


0.8204  X  10*  82.501 

(tf)3/2  °  vy(«77,/2 


is  the  Onsager  conductance  term.  We  have  used  «  ■  3.12,  ij  ■ 
0.00585  P.  and  A0(LiAsF()  =  97.4  fl"1  cm2  equiv1,  based  on  Ao 
=  22.53  O'1  cm2  equiv"1  in  propylene  carbonate,10  n  ■  0.0253  P, 
and  the  Walden  rule  A0n  »  constant.  The  results,  applying  eq 


I  to  the  data,  are  determination  coefficient  r2  =  0.988,  intercept 
=  1.033  x  10"4,  and  slope  =  0.0306,  from  which  Kf  =  8.9  X  1011 
M"1  and  Kr  =  445  M"1,  having  chosen  the  arbitrary  position  AoT 
=  2/jA0  as  done  previously.  Figure  2  reports  an  illustration  of 
function  I  for  the  present  data. 

Figure  3A  shows  the  log  A  data  for  LiC104  in  DMC  at  25  °C 
plotted  vs.  log  c.  Table  I  reports  the  A  and  c  data  for  the  two 
runs  performed  for  LiC104  in  DMC  at  25  °C.  One  can  see 
immediately  by  comparing  Figures  1  and  3  that  the  equivalent 
conductance  of  LiCI04  is  1  order  of  magnitude  lower  than  that 
of  LiAsF6  at  the  same  total  concentration.  Application  of  eq  1 
to  the  data  at  c  <  10'2  M  for  LiCI04  is  shown  in  Figure  3B. 
Linear  regressions  of  A g(c)c,/}  vs.  c(  1  -  A/Ao)  gives  r2  =  0.993, 
intercept  =  0.3937  X  10"4,  and  slope  =  0.01 10,  from  which  K. 
*  8.6  X  1012  M'1  and  Kr  -  418  M'1,  with  A0T  *  2/jA0,  as  done 
above. 

For  the  above  calculation  we  have  used  Ao(LiC104)  =  1 15.7 
JT1  cm2  equiv"1  in  DMC,  based  on  Walden’s  rule  and  the  results 
for  LiC104  in  propylene  carbonate,10  A®  =  26.75  O"1  cm2  equiv"1 
and  ij  *  0.0253  P.  By  using  for  both  LiAsF6  and  LiCI04  the  data 
for  A0  in  propylene  carbonate,  having  the  same  polar  group  as 
DMC 


(9)  Fuom,  R.  M.;  Kraus.  C.  A.  J.  Am.  Chem.  Soc  1933,  55,  2387. 

(10)  Salomon,  M.;  Plichta,  E.  J.  Eleclrochim.  Acta  1984,  29,  731. 
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Figure  3.  (A)  log  A  vs.  log  c  for  DMC  at  t  =  25  °C.  (B)  Ag(c)cl/2  vs. 
(1  -  A/.Vok  for  LiCIO«  in  DMC  at  f  <  0.01  M. 


we  believe  to  have  achieved  a  reasonable  validity  of  Walden’s  rule. 

An  attempt  has  been  made  at  this  point  to  see  whether  the 
positive  derviation  of  the  Fuoss-Kraus  Ag(c)c,/2  vs.  (I  -  A/Aq )c 
plot,  a  trend  observed  before'-2  for  concentrations  higher  than  c 
a  10~2  M,  was  due  to  causes  other  than  the  ionic  strength.  It  is 
our  contention  that  the  latter  is  quite  low  in  DMC  and  that  the 
apparent  failure  of  the  theory  to  represent  the  data  at  c  >  10~2 
M  is  in  part  due  to  the  inappropriate  permittivities  and  viscosities 
used  in  the  theoretical  expressions.  From  the  microwave  portion 
of  the  work,  we  have  fitted  the  static  permittivities  e  for  LiAsF6 
solutions  to  the  electrolyte  concentration  c  by  a  cubic  polynomial 
equation  which  gives  by  nonlinear  regressions 

«  =  3.11  +  27.479 c  -  110.340c2  +  199.25c3  (r2  =  0.9993) 

(II) 

valid  up  to  c  *  0.25  M.  In  the  same  concentration  range  the 
solution  densities  are  given  by 


Figure  4.  A g(c)c,fl  vs.  (1  -  A/ A 0)c  for  LiAsFt  in  DMC  at  c  £  0.07  M. 
g(c)  has  been  calculated  with  <(c)  and  rf  (see  text). 


sphere),  has  been  estimated  by  the  Debye  expression  r  = 
(A-xR1  /kT)v  t  =  (2ir/r)~'  neglecting  differences  between  the  decay 
of  the  polarization  xD  and  the  real  molecular  relaxation  time  r 
that  enter  the  Debye  equation.  Similarly,  v  ==  Vc  ~  0.005  85  P 
has  been  retained.  With  /r  =  1.7  x  10*  Hz,  it  results  R  =  3.7 
X  1 0'8,  a  value  comparable  with  the  sum  of  the  crystallographic 
radii  for  LiAsF6  giving  R„y  =  4.4  x  I  O'8  cm.  One  should  also 
point  out  that  we  are  in  complete  agreement  with  Fuoss12  in  that 
eq  III  ought  to  be  used  instead  of  the  experimental  viscosities. 
The  latter  incorporates  the  Falkenhagen13  term  S, 

V  =  tJod  +  V/2  +  Fc) 


expressing  the  existing  velocity  gradients  in  the  solution  which 
are  absent  in  the  conductance  experiment  where  the  solution  is 
at  rest  as  a  whole.  It  results  for  LiAsFt  in  DMC  that  F  =  0.3 
and  nE  *  9o(l  +  0.3c).  By  the  aid  of  eq  II  and  III,  we  have 
calculated  eq  1,  namely,  the  g(c)  term  corrected  by  r(c)  and  ijE. 
The  data  for  LiAsF6  in  DMC  are  reported  in  Figure  4.  We  have 
then  tried  to  calculate  the  right  side  of  eq  I  from  theory,  using 
the  expressions  by  Fuoss-Jagodzinski14 


*FJ  3000  e 


*T  =  *fjT 


1000 


(IV) 


p  -  1.063  +  0.1879c  -  0.2185c2  +  0.1655c3  (r2  «  0.99994) 

valid  within  ±0.001  g/cm'3.  It  is  noteworthy  to  emphasize  the 
point  raised  above  that  at  0.25  M  (  =  6.20  instead  of  t  *  3.1 1, 
the  solvent  value.  We  have  then  decided  to  take  the  variation  into 
account  in  dealing  with  the  Fuoss-Kraus  theory,  a  concept  already 
expressed  years  ago  by  E.  A.  S.  Cavell.1 1  In  addition,  we  have 
corrected  the  viscosities  by  the  presence  of  the  electrolyte  LiAsF6 
by  the  Einstein  equation,  as  suggested  by  Fuoss12 

nE  *  1  +  ^0  J  *  toll  +  Fc]  (HI) 

where  <fi  is  the  volume  fraction  <t>  m  (4*-/?3/3)£c/IOOO  *  2/sFc 
and  F  =  6.308  x  I021/?3.  R ,  the  radius  of  the  pair  (taken  as  a 


(II)  Cavell.  E.  A.  S.;  Knight,  P.  C.  Z.  Phys.  Chem.  ( Munich )  1*6*.  57, 
3. 


Specifically,  we  have  equated  eq  IV  to  the  values  of  Kp  and  of 
Kt  for  LiAsF(  found  experimentally  in  the  low  concentration 
range,  namely,  Kp  =  8.9  X  10"  M'1  and  KT  =  445  M'1  obtaining 
(with  t  =  3.12)  a  -  6.3  X  10'*  cm  and  aT  =  16.4  x  10'*  cm. 
Without  assigning  to  these  parameters  physical  significance,  we 
have  used  these  numerical  values  to  calculate  eq  IV  at  all  the 
concentrations  using  eq  II  to  evaluate  c. 

The  results  for  LiAsF6  solutions  in  DMC  are  reported  in  Figure 
4  together  with  the  calculated  (Ac'^gfc)]^  according  to  the  right 
side  of  eq  I  and  also  by  using  AoT  =  '/3Ao  as  in  the  original  version 
of  the  triple-ion  theory 3  In  Figure  4  the  solid  tines  represent  these 
calculated  values  showing  a  qualitative  trend  following  the  data 


( 1 2)  Fuoss,  R.  M.;  Accascina,  F.  ‘Electrolytic  Conductance’;  Interscience: 
New  York,  1959;  p  234. 

(13)  Falkenhagen,  H.;  Dole,  M.  Z.  Phys.  Chem.,  Abt  B  1929,  6,  159. 
Falkenhagen,  H.  Phys.  Z.  1931,  32,  365,  745. 

(14)  Jagodzinski,  P.;  Petrucci,  S.  J.  Phys.  Chem.  1974,  78,  917. 
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.0  315  75 


c  .10*  , 

451  692  684 


Fuo«  -  Kraus  triple  ions  thoory  for  UOlF,  in  OMC j 
with  «(c),  <7e  and  accounting  for  quodrupda* 
with  Kq*50M"* 


100  200 
Cp(l-A/A„)«IQ4 

Figure  5.  \g(cp)cpl/1  vs.  (1  -  A/  Ap)cp  for  LiAsFt  in  DMC  at  25  °C.  cp 
has  been  calculated  from  the  expression  c  —  cp  +  2 with  Aq  =  50 
M'1.  Also,  <(c)  and  qE  have  been  used  for  the  calculation  of  g{cp). 


at  variance  with  the  original  Fuoss-Kraus  theory  using  t  =  3.12 
and  tj  =  0.005  85  P.  The  introduction  of  c(c)  and  t;F  seems, 
however,  to  have  overcorrected  the  Ag(c)c1/2  data.  The  results 
from  the  microwave  data,  shown  below  for  LiAsF6  in  DMC, 
indicate  that  the  ion  pairs  are  not  the  only  complex  species  present. 
The  Bottcher  plot15  shows  a  strong  concave  down  curvature  in¬ 
dicating  lack  of  proportionality  of  the  relaxation  strength  «0  -  «. 
with  the  total  concentration.  This,  in  turn,  suggests  that  the 
polarization  of  the  solution  is  not  proportional  to  c  and  that  the 
total  concentration  is  different  from  Cp,  the  ion-pair  concentration. 
The  situation  is  corrected  by  the  introduction  of  a  quadrupole 
equilibrium  with  AT,  ~  50  M'1. 

We  have  applied  the  same  criterion  to  the  conductance  data 
of  LiAsF6  in  DMC,  expressing  the  total  concentration  by  the  two 
major  species  present  (free  ions  and  triple  ions  are  in  minor 
quantities) 

c  =  (AB)  +  2(A2B2)  =  cp  +  2cpJA, 

and  using  cp  rather  than  c  in  the  Fuoss-Kraus  scheme  of  asso¬ 
ciation  to  triple  ions 

A  +  B-  AB  +  B  =*  AB2 
—  AB  +  A  A2B 


with  (A)  =  (B)  =  afp,  (AB)  =  cp(l  -  a  -  3aT),  and  (AB2) 
=  oTCp,  leading  to  the  usual  expression 


A«(fp)Cp,/2 


A0  \jKf(  A  \ 

Kp'/2+  ATP'/2  V  A0/Cp 


(A2B) 

(V) 


which  differs  from  eq  I  only  by  the  presence  of  cp  instead  of  c. 
Figure  5  reports  the  left  and  right  side  of  eq  V  depicted,  the  former 
by  the  experimental  point  and  the  latter  by  the  solid  line.  Although 
the  data  for  A0T  =  1  /a A0  are  overcorrected  in  the  lower  portion 
of  the  curve  and  undercorrected  in  the  upper  portion,  the  general 
qualitative  trend  is  followed  up  to  c  =  0.1  M,  a  large  improvement 
over  the  original  calculations  using  «  *  3.12  and  r)  =  0.00585  P, 
the  solvent  properties. 


( 1 5)  Butcher.  C.  F.  “Theory  of  Electrical  Polarization’;  Elsevier;  Am¬ 
sterdam,  1973. 

(16)  Cole.  K.  S.;  Cole,  R  H.  J.  Chem.  Phys.  194*.  9,  341 


Figure  6.  A g(c)c,/2  vs.  (1  -  A/Ao )c  for  LiCIO,  in  DMC  at  c  <  0.07  M. 
j(f)  has  been  calculated  with  c(r)  and  qE  (see  text). 


The  same  sequence  of  calculations  has  been  applied  to  the 
LiC104  data.  The  permittivity  is  expressible  in  terms  of  the 
concentration  of  LiC104  by  the  expression  e  =  3.12  +  7.833c  + 

47.228 c2  -  125.61c3  with  r2  =  1 .0000.  The  density  of  the  solutions 
can  be  expressed  by  the  relation  p  -  )  .063  -  0.02081  c  +  0.8965c2 
-  1.9036c3  with  c  the  molarity  of  the  solutions  and  r2  =  1.0000. 

The  average  lower  decay  time  of  the  polarization  of  the  solutions 
is  taken  to  be  approximately  equal  to  the  relaxation  time  r  = 

(2xfr)-'  =  (2t  X  1.3  X  I0»)  >  =  122.4  X  I0'2  s  which,  by  the 

aid  of  the  Debye  expression  r  =  (4x/?3/AT)ij,  gives  R  =  4.09  X 

10'®  cm.  This  value  introduced  into  the  Einstein  relation  0  =  I 

{4vR,/3)Lc/\000  =  (2/5 )Fc  gives  F  =  0.43  and  r,E  =  Vo  (1  + 

0.43c).  1 

The  calculation  has  then  been  applied  using  eq  1  as  for  the  case 
of  the  LiAsF6  data,  with  the  <(c)  and  rf  data.  The  results  of  this  • 

calculation  are  depicted  in  Figure  6  where  the  solid  lines  corre-  * 

spond  to  the  theoretical  A gfc)c'l2,  calculated  by  the  aid  of  ( 

equations  (IV)  A0T  =  2/3A0  and  A0T  =  '/3Ao-  The  values  of  a  | 

=  5.8  X  10'®  cm  and  aT  =  16.8  X  10'®  cm  have  been  used  based  I 

on  the  fit  of  the  experimental  Kp  =  8.6  X  1012  M'1  and  KT  =  418  \ 

M"1  from  the  low-concentration  data.  From  Figure  6  the  same 
considerations  as  for  LiAsF6  hold,  namely,  the  agreement  of  the  i 

calculated  and  experimental  data,  although  qualitative,  encom¬ 
passes  a  larger  concentration  range  than  in  the  original  theory 
using  (  =  3. 1 2  and  ij  =  0.005  85  P. 

The  difference  from  the  LiAsF6  case  is  that  there  is  no  need 
of  introducing  a  quadrupole  constant,  as  evidenced  also  by  the 
microwave  data  showing  no  evidence  of  quadrupole  complexation 
for  LiCI04,  the  Bottcher  plot15  being  linear.  In  the  above  cal¬ 
culation  of  Ag(c)cl/2  the  best  fit  is  obtained  by  the  position  AgT 
=  '/jAo  as  in  the  original  Fuoss-Kraus  theory.’  One  could  surmise 
that  by  adjusting  Kp,  Kr,  and  K,  (for  LiAsF6)  the  fit  may  become 
better.  Here,  however,  we  wish  only  to  stress  the  concept  that, 
by  using  the  information  from  the  microwave  experiments  (that  J 

the  permittivity  of  the  solution  changes)  and  by  correcting  vis-  I 

cosities,  a  significant  improvement  over  the  concentration  range 
usable  by  the  conductance  theory  can  be  obtained.  ’ 

In  other  words,  at  very  low  permittivities,  where  very  few  ions  ] 

are  present,  the  failure  of  the  theory  is  not  due  to  ionic  strength  , 

effects  but  rather  to  the  neglect  of  the  effect  of  the  presence  of  • 

large  quantities  of  neutral  species  and  their  altering  the  permittivity  * 

c  and  viscosity  ij.  Improvements  on  the  theory  will  have  to  be  made  ! 

by  trying  to  incorporate  these  changes,  nowadays  measurable  by 
modern  tools  such  as  microwave  spectrometry  for  «  rather  than  ] 
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TABLE  II:  Dielectric  Relaxation  Parameters  and  Electrical  Conductivity  X  for  LiAsF4  and  LiCK)4  in  Dimethyl  Carbonate  at  25  °C  at  the  I 

Concentrations  Investigated  I 


c 

( 0 

f-2 

/,.  GHz 

X,  ST1  cm’1 

|A«T 

|A*T 

0.25 

6.20 

3.50 

2.50 

LiAsF6 

1.6 

22 

7.38  X  I0-* 

0.095 

0.06 

0.15 

5.40 

3.40 

2.45 

1.8 

22 

1.66  X  10~* 

0.04 

0.05 

0.10 

5.00 

3.30 

2.40 

1.6 

22 

3.98  X  I0-5 

0.08 

0.05 

0.05 

4.20 

3.20 

2.40 

1.8 

22 

2.94  X  10-6 

0.04 

0.02 

0.29 

6.30 

3.40 

2.45 

LiCIO, 

1.4 

22 

1.24  X  10-* 

0.026 

0.041 

0.19 

5.50 

3.35 

2.45 

1.3 

22 

3.22  X  10‘5 

0.053 

0.047 

0.10* 

4.25 

3.30 

2.40 

1.2 

18 

3.46  X  I0-6 

0.64 

0.28 

0* 

3.12 

2.35 

22 

0.35 

0.22 

“lAv'l  and  |A«"|  are  absolute  average  deviations  «'(calcd)  -  «'(exptl)  and  «"(calcd)  -  «"(exptl).  ‘Saar,  D.;  Brauner,  J.;  Farber,  H.;  Petrucci,  S.  J. 
Phys.  Chem  1978.  H2,  5451. 
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Figure  7.  (A) «'  vs./ and  t4"  =  <"  -  vs. /for  LiAsF6  (0.25  M).  (B) 
Cole-Cole  plot  of  <d"  ■  «"  -  vs.  «'  for  LiAsF*  (0.25  M)  in  DMC. 


trying  to  improve  on  the  mathematical  treatment.  This  treatment, 
expressed  by  the  Onsager-Fuoss-Kraus  various  editions  of  the 
theory,12  remains  an  unsurpassed  legacy  of  ingenuity,  elegance, 
and  rigor. 

Microwave  Complex  Permittivities.  Figures  7  and  8  show 
representative  plots  of  the  coefficient  of  the  real  part  *'  and  of 
the  imaginary  part  t"  of  the  complex  permittivity  «d*  = «'  -  J*d", 
plotted  vs.  the  frequency /for  LiAsF6  and  LiCI04  in  DMC.  The 
solid  lines  are  the  sum  of  two  Debye  single-relaxation  processes 
according  to  the  functions 
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with  to,  <.2,/i.  and /2  the  relaxation  parameters.  *0  »  the  static 
permittivity  of  the  solution.  «0  -  and  e.,  -  <*2  are  the  respective 
relaxation  strengths  of  solute  and  solvent,  and  f,  and  /2  are  the 
relaxation  frequencies  associated  with  the  solute  and  the  solvent 
in  the  solution.  should  extrapolate  at  zero  electrolyte  con¬ 
centration  to  the  static  permittivity  of  the  pure  solvent.  In  Figures 
7  and  8  the  Cole-Cole  plots"’  of  the  quantities  td"  vs.  *'  are  also 


Figure  8.  (A)  «'  vs./and  t"  vs./for  LIAsF*  (0.15  M)  in  DMC  at  t  = 
25  °C.  (B)  Cole-Cole  plot  of  <d"  =  <"  -  «/'  vs. «'  for  LiAsF6  (0.1 5  M) 
in  DMC. 


depicted.  The  solid  lines  correspond  to  the  sum  of  two  Debye 
processes  according  to  eq  VI.  In  the  above,  *d"  is  the  total  dielectric 
loss  t"  from  which  has  been  subtracted  the  contribution  due  to 
the  conductance  tx"  =  1.8  x  10l2Ay/with  X  the  specific  con¬ 
ductance  of  the  solutions  (S2_l  cm1).  In  Table  II  the  dielectric 
relaxation  parameters  are  reported  together  with  the  conductivity 
X.  Equation  VI  have  been  fitted  to  the  data  by  a  trial  and  error 
procedure  that  minimizes  the  summations  £|A*'|  +  £|A<"|,  where 
|A«'|  *  |c'(calcd)  -  ('(exptl)|  and  |Ae"|  =  |t"(calcd)  -  *"(exptl)| 
are  the  absolute  values  of  the  deviations.5  We  have  already  shown 
in  the  conductance  section  dealing  with  the  LiAsF6  data  that  the 
value  of  a  obtained  from  the  decay  time  of  the  polarization  r  is 
comparable  to  the  sum  of  the  crystallographic  radii,  at  least  as 
an  order  of  magnitude.  In  order  to  gain  more  structural  infor¬ 
mation  on  the  system,  we  have  plotted  the  Bottcher  function15 


[Q^AtLc  P1  3<o 

(1  -  nr/)2  3 kT  2<0+  I 
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in  the  form  d>(«)  =  (t0  -  «„i)|(2«0  +  1 )/( 3<0))  vs.  c  for  LiAsF6 
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Figure  9.  Bottcher  function  4(<)  »  t0  -  t.,)[(2<0  +  1  )/(3e0)]  vs.  c  and 
vs.  cp  =  (-1  +  (8  V  +  l),/JI/(4/C<J)  for  LiAsF6  in  DMC  at  t  =  25  °C. 
AT,  is  the  dimerization  constant  for  ion  pairs  to  quadrupoles  (or  dimers). 

in  DMC.  Neglecting  the  polarizability  a ,  reaction  field  factor 
of  term  (1  -  a/)2  of  the  order  of  unity,  one  would  expect  a  straight 
line.  In  fact,  in  Figure  9  one  may  see  a  strong  concave  down 
curvature.20  This  behavior  becomes  obvious  if  one  realizes  that 
in  DMC  one  ought  to  expect  much  higher  dimerization  of  pairs 
than  in  the  dimethoxyethane  and  2-methyltetrahydrofuran  ethers 
studied  so  far.  This  is  because  of  the  lower  permittivity  of  DMC. 

If  one  accepts  the  idea  that  polar  dimers  are  formed,  ruled  by 
the  equilibrium  2AB  j=s  (A2B2)  and  ATq  =  (A2B2)/(AB)2,  then  by 
combining  the  expressions 

c  =  (AB)  +  2(A2B2) 

=  (A2B2)/(AB)2 

cp  =  (AB)  can  be  calculated  for  tentative  values  of  Kv  Linear 
regressions  of  M0  vs.  cp  should  give  the  best  straight  line  for  the 
best  Afq.  The  calculation  has  been  done  and  is  shown  in  Figure 
9  leading  to  r2  *  0.990,  intercept  =  0.017,  and  slope  =  42.89  for 
A"q  =  50  M'1.  One  ought  to  add,  however,  that  the  optimum  fit 
is  rather  insensitive  on  Afq,  a  value  of  Kq  =  30  M'1  giving  almost 
as  good  a  result  as  Afq  =  50  M“‘.  With  Afq  =  50  M~\  the  apparent 
dipole  moment  results  a  =  26.5  x  10~‘*  esu  cm,  namely,  a„  =  5.5 
X  1 0'8  cm,  taking  a  rigid  sphere  model  p  =  ae  for  LiAsF6  in  DMC. 
With  Kq  =  30  M  ',  r2  =  0.990,  intercept  =  0.063,  slope  =  33.35, 
M  =  23.3  X  10'1*  esu  cm,  and  a „  =  4.9  X  10'*  cm. 

In  either  case  one  may  be  led  to  the  conclusion  that  aH  is  of 
the  order  of  magnitude  of  the  sum  of  the  crystallographic  radii. 
Values  for  the  dimerization  constants  have  been  calculated  by 
Chabanel  et  al.,17  from  static  dielectric  data  for  LiBr,  LiSCN, 
and  AgC104.  The  calculation  was  based  on  assuming  that  the 
static  dielectric  increments  over  the  solvent  were  due  to  both 
monomer  pairs  and  dimers  or  quadrupoles 

Ae  =  4,(AB)  +  52(A2B2) 

implying  that  the  quadrupoles  are  polar  and  that  b2  *  0.  In  fact, 
it  was  reported  that  52  =  1.8  for  LiBr,  i2  =  10.8  for  LiSCN,  and 
S2  =  8.6  for  AgC104  giving  quadrupole  constants  ACq(LiBr)  =  90 
M'1,  Afq(LiSCN)  =  20  M'1,  and  Kq(AgCI04)  =  45  M'1.  For 
LiC104  the  effect  of  quadrupoles  was  undetectable.  Later,  how¬ 
ever,  it  was  found1*  that  for  both  dimethyl  carbonate  and  diethyl 
carbonate  solvents,  for  LiSCN  and  LiC104,  the  microwave  com- 

(17)  Menard.  D.;  Chabanel,  M.  J  Phys.  Chem.  1975,  79,  1081. 

(18)  Saar,  D.;  Brauner,  J.;  Farber,  H.;  Petrucci,  S.  J.  Phys.  Chem.  1978, 
82,  1943. 
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Figure  10.  Bottcher  function  4(0  =  (t0  -  « , , ) [( 2«0  +  1  )/(3co)]  vs.  c  for 
LiCIO,  in  DMC  at  I  =  25  °C. 

plex  permittivity  data  extrapolated  to  static  values  (<0's)  com¬ 
parable  with  the  data  by  Chabanel  et  al.  As  the  microwave  data 
were  interpreted  by  a  single  Debye  relaxation  which  was  assigned 
to  the  rotation  of  only  polar  ion  pairs,  one  had  to  conclude18  that 
the  dimers  were  apolar.  Hence,  the  assumptions  on  the  62’s  made 
by  Chabanel  and  the  calculated  Afq’s  had  to  be  incorrect.  It  is 
also  noteworthy  that  IR  spectra  in  ethers  in  the  2040-cm'1  range 
indicated  the  presence  of  a  centrosymmetric  quadrupole19 

S=C=H  /N=C=S 

"Li 

which  by  symmetry  would  have  a  zero  dipole  moment  in  accord 
with  our  contention  for  LiSCN  in  DMC  and  DEC. 

Figure  10  reports  the  Bottcher  plot,15  according  to  eq  VII,  for 
the  dielectric  data  of  LiC104  in  DMC.  Linear  regressions  giving 
50%  statistical  weight  to  the  origin  give  r2  =  0.995  and  slope  = 
7.413  from  which  one  calculates  the  apparent  dipole  moment  a 
=  1 1 .0  X  10  '*  esu  cm.  By  talcing  a  rigid  sphere  model  (consistent 
with  having  neglected  the  polarization  reaction  field  term)  (1  - 
a/)2  gives  a  -  ae  and  a„  =  2.3  X  10"*  cm,  giving  a  strong  indi¬ 
cation  of  contact  species  for  LiC104. 

It  is  noteworthy  that  no  curvature  of  the  Bottcher  plot  is  visible, 
at  variance  with  the  case  of  LiAsF6  in  DMC,  indicating  apparent 
absence  of  quadrupoles  for  LiCl04  in  DMC.  This  is  somewhat 
surprising  in  view  of  Ap(LiC104)  >  Kp(LiAsF6). 
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Electrical  conductance  data  for  LiBF4  in  dimethoxymethane  (DMM)  at  25  “C  reveal  the  electrolyte  to  be  heavily  associated 
to  ion  pairs  and  triple  ions.  A  theoretical  expression  for  the  triple-ion  association  constant  similar  to  the  Bjerrum  one  for 
ion  pairs  and  to  the  Maaser-Bjerrum  theory  of  dimers  has  been  developed  and  applied  to  the  present  conductance  data.  Ultrasonic 
relaxation  absorption  data  at  much  higher  concentrations  than  the  conductance  data  reveal  association  to  dimers.  This  is 
also  evident  from  the  microwave  dielectric  data  showing  no  electrolyte  dielectric  effect  on  the  solvent  and  apparent  lack  of 
presence  of  dipoles.  The  ultrasonic  data  can  be  rationalized  by  a  two-step  dimerization  mechanism. 


Introduction 

A  previous  conductance  study  of  the  ionic  association  of  LiBF4 
in  2-methyltetrahydrofuran1  and  in  1 ,2-dimethoxyethane2  of  re¬ 
spective  static  permittivities  t  =  6.2  and  7.0  has  been  reported. 
In  the  same  works,'-2  the  diffusional  rotational  relaxation  dynamics 
of  ion  pairs  was  studied  by  dielectric  relaxation.  In  addition, 
ultrasonic  relaxation  revealed  some  dimerization  of  the  ion  pairs 
and  a  kinetic  investigation  of  this  additional  process  was  reported. 

It  was  of  interest  to  extend  the  above  studies  in  a  medium  of 
lower  permittivity  as  dimethoxymethane  (DMM),  where  »  =  2.76 
at  25  °C.  Presumably  in  DMM  the  electrolyte  exists  completely 
as  ion  pairs  at  all  finite  concentrations  but  the  extent  of  triple-ion 
formation  and  quadrupule  formation  maybe  sizable  and  may 
become  preponderant  at  high  concentrations  (r  >  0.1  and  0.2  M). 
On  the  practical  side,  LiBF4  dissolved  in  ethers  is  a  system  relevant 
to  secondary  batteries  construction.  It  was  of  interest  to  report 
a  quantitative  study  in  a  solvent  of  very  low  permittivity  as  DMM 
(«  =  2.76  at  25  °C)  which  may  constitute  an  extreme  limit  for 
an  electrolyte  solution.  In  the  process,  we  have  derived  a  new 
Bjerrum-likc  expression  for  the  association  to  triple  ions  as  reported 
below.  This  expression  and  the  corresponding  one  for  dimer 
formation,  already  presented,2  may  give  some  theoretical  guidelines 
to  the  extent  of  association  up  to  the  quadrupoles  but  below  the 
larger  aggregates  which  may  precede  the  eventual  separation  of 
the  electrolyte  from  the  liquid  phase.  For  the  sake  of  clarity,  after 
the  Experimental  Part  the  conductance  and  theoretical  aspects 
leading  to  the  triple-ion  formation  constant  will  be  dealt  with  first, 
followed  by  the  relaxation  dynamics  study  by  ultrasonic  and 
microwave  dielectric  relaxation  which  involves  itself  with  dimer 
formation. 

Experimental  Part 

The  equipment  for  the  conductance2  and  microwave  dielectric 
relaxation4  has  already  been  described.  For  the  ultrasonic  work 
the  pulse  instrumentation  has  been  automated,  in  data  capturing, 
by  mounting  over  the  dual-crystal  interferometric  cell  a  Mitutoyo 
Series  164  digital  micrometer  (resolution  ±0.00005  in.)  and 
associated  interfaced  digital  counter  and  printer,  giving  a  hard 
copy  of  the  displacements  for  attenuation  increments  (expressed 
in  decibels)  of  the  standard  comparison  signal. 

For  the  chemicals,  the  solvent  DMM  (Aldrich)  was  refluxed 
over  sodium  and  benz.ophenone  until  a  bluish  coloration  indicating 
absence  of  peroxides  was  present.  It  was  then  distilled  in  the  same 
all-Pyrex  apparatus  and  used  shortly  afterward.  LiBF4  (Aldrich) 
was  dried  in  vacuo  at  ~60  °C  overnight. 


( 1 )  M  Delsignore.  H.  Maaser.  and  S.  Petrucci.  J.  Phis  Chem..  88,  2405 
(1984) 

(2)  H.  Maaser,  M.  Delsignore,  M.  Newstein,  and  S.  Petrucci,  J.  Phis. 
Chem  .  88.  5100  (1984) 

(3)  S.  Petrucci.  P  Hemmcs.  and  M.  Batlistini.  J.  Am.  Chem.  Six- ,  89, 
5552  (1967). 

(4)  H.  Farber  and  S  Petrucci,  J.  Phys.  Chem.  85.  1396  (1981),  and 

previous  literature  quoted  therein. 


Results  and  Discussion 

Electrical  Conductance.  Figure  I A  reports  the  electrical 
conductance  data  in  the  form  of  log  A  vs.  log  c  at  t  =  25.00  °C 
for  LiBF4  in  DMM.  Several  runs  with  independently  prepared 
stock  solutions  and  solvent  were  used  in  order  to  ensure  repro¬ 
ducibility  of  the  results.  Figure  1 B  reports  the  same  data  for  c 
<0.1  M  elaborated  in  accord  to  the  Fuoss-Kraus  triple-ion  theory5 


Ag(c)cl/2  = 


(I) 


where  g(c)  is  a  term  lumping  together  all  the  interionic  terms, 
Kk  and  Kr  are  the  ion-pair  and  triple-ion  formation  constants, 
and  A0  and  A0T  are  the  limiting  conductivities  of  the  single  ions 
and  triple  ions  respectively.  In  the  above,  the  arbitrary  condition 
A0t  =  2/jA0  has  been  retained  as  done  previously.1-2  Further,  for 
the  calculations  of  A0.  the  Wald|n  rule  has  been  used  with  the 
following  data  from  the  literature:  in  THF  at  25  °C  (viscosity 
i)  =  0.0046  P)6  A\,  =  36.6  ST'  cm2  equiv'1,1  hence  \°L,n  =  0.168; 
in  nitrobenzene  (9  =  0.01823  P)®*  X°BF4  *  22.1  IT'  cm2  equiv'1,811 
hence  X°bf<ij  =  0-403.  It  results  that  in  DMM  (17  =  0.00315  P)’ 
X°L|  =  53.3  ft"1  cm2  equiv'1  and  X°BF4  =  127.9  O'1  cm2  equiv'1 
or  A°l,bf«  =  IT1  cm2  equiv'1  and  A<,T  =  2/}\0  =  121  S)"1  cm2 
equiv'1  in  DMM  at  25  °C. 

From  Figure  1 B.  the  solid  line  calculated  by  linear  regressions 
gives  rl  =  0.98,  intercept  =  A0/AfA1/2  =  7.20  X  I0"7,  and  slope 
=  A 0tAt/Aa172  *  3.98  X  I0'4.  from  which  tfA  =  6.j  x  I016  M  1 
and  At  =  826  M'1. 

When  Aa  is  equated  to  the  Fuoss-Jagodzinski  expression10 


-  AirLd\- 
H  3000 


'V 


(II) 


it  results  in  a  charge-to-charge  separation  in  the  pair  d  -  5.1  X 
10  8  cm.  Similarly,  when  AT  is  equated  to  the  Fuoss-Jagodzinski10 
triple-ion  theoretical  expression 


K  FJ  -  HS'fip-Vtpr!2e,kT 
T  1000 


(III) 


it  results  to  ion-to-ion  pair  separation  a  ~  16.9  X  10'®  cm.  a  value 
that  seems  too  high  to  be  reconciled  with  the  triple-ion  model  and 
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Chem..  69,  608  (1965). 
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( 1957);  (b)  C  R.  Wiischonkc  and  C.  A.  Kraus,  J  Am.  Chem  Six  .  69,  2472 

(1947). 
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Figure  1.  (A)  log  A  vs.  log  c  for  LiBF4  in  DMM  at  25  °C.  (B) 
Ag(r)r1''2  vs.  ( I  -  A/Ao)c  for  LiBF4  in  DMM  at  25  °C  according  to  the 
Fuoss-Kraus  theory. 


definition  envisaging  the  three  ions  at  contact,  whereas  the  value 
a  ~  1 .5c/  =  7.7  X  |0~8  cm  would  appear  to  be  a  more  reasonable 
parameter.  Therefore,  we  have  decided  to  reexamine  the  triple-ion 
theory  for  KT  without  the  constriction  that  the  complexing  ion 
be  in  contact  with  the  pair  to  be  defined  as  a  triple  ion.  We  shall 
follow  the  guidelines  of  the  Bjerrum  theory  for  comparison  and 
the  one  for  the  dimers  (Maaser-Bjerrum  theory)  already  pres¬ 
ented.2  In  the  past,  dealing  with  the  three-ion  interactions  Fuoss 
and  Kraus"  have  indeed  derived  a  triple-ion  expression  based  on 
the  Bjerrum  model.  Their  derivation  lead  to  a  integral  which, 
to  date,  is  difficult  to  solve,  short  of  resolving  to  a  graphical 
integration.  We  thought  it  worthwhile  to  try  to  arrive  at  a  more 
manageable  solution  of  the  problem  by  a  simplified  derivation 
based  on  the  interaction  between  an  ion  and  a  permanent  dipole 
of  moment  u- 

Ion-Dipole  Interaction.  We  will  start  by  defining  r _  as  the 
distance  between  a  given  positive  ion  and  the  negative  end  of  a 
dipole  ion  pair.  Let  r  be  the  distance  between  the  same  ion  and 
the  center  of  the  dipole  and  r+  the  distance  between  the  ion  and 
the  positive  end  of  the  dipole  ion  pair.  V  is  the  angle  between 
r.  and  the  line  passing  through  the  dipole  axis,  and  d  is  the 
separation  of  the  two  charges  in  the  dipole.  We  have  then  (Figure 
2A)  r  -  r+  =  d  cos  6'.  and  the  ion-dipole  potential  will  be 

_  e(  \  1  \  e  r+  ~  r-  ed  cos  8’ 

*  \r  r+  f  t  r+r_  ~  «r2 


( 1 1 )  R  M.  Fuoss  and  C.  A.  Kraus,  J.  Am  (  hem.  Six  ..  55.  2.1N7  (Id.t.t), 
and  previous  literature  quoted  therein 


Figure  2.  (A)  Ion-dipole  interaction.  The  ion  is  at  a  distance  r  from  the 
center  of  the  dipole.  The  segment  r  makes  an  angle  0  with  the  axis  of 
the  dipole.  (B)  Polar  coordinate  representation  of  the  dipole  m  (taken 
as  the  origin  of  the  Cartesian  coordinate)  and  of  an  ion  of  charge  e. 

In  the  above,  t  is  the  static  permittivity  of  the  solvent  and  the 
approximation  r+r_  ~  r2.  If  concomitantly  one  writes  O'  =  8,  where 
9  is  the  angle  between  r  and  the  line  passing  through  the  dipole , 
one  has 


u  cos  0 

*  =  (IV) 

where  u  =  ed  is  the  dipole  moment  of  the  dipole  separated  by  a 
distance  r  >  d  from  the  positive  ion.  The  ion-dipole  potential 
energy  will  then  be 

eu  cos  8 

U=<t>e^ - —  (V) 

er2 

The  probability  of  finding  an  ion  around  a  dipole  taken  as  the 
reference  of  a  coordinate  system  will  be  a  1  .action  of  the  con¬ 
centration  of  the  ions,  (Nets/ I000)e~i/''*r  (cr  is  the  degree  of 
dissociation  of  the  electrolyte),  surrounding  the  dipole,  of  the 
volume  shell  element,  4-irr2  dr,  and  of  the  solid  angle  ratio  dFF/4ir, 
expressing  the  point-to-point  spatial  orientational  probability 
between  the  ion  and  the  central  dipole  (Figure  2B).  In  polar 
coordinates  r,  8 ,  and  we  will  have 

diy  r  sin  8  d\f  r  dO  sin  8  A8  d|f 
4jt  4  trr2  4* 

and 

(Nee  ,  \  /  sin  8  d8  d^  \ 

cos  H.PkT  J(4lrr2  dr)^  -  — - j 

The  above  expression  can  be  integrated  for  ^  =  0  to  2»,  obtaining 
the  probability  that  the  ion  is  contained  in  a  solid  annulus 

d P(r.O)  =  “*  #/>'"’tr^(4>rr2  dr)^S~—  j 

dP(r.O)  =  dr  (e'“  C<K  •I'*1)  sin  8  d 8  (VI) 

Call  cos  8  =  y  and  dy  =  -  sin  8  d8.  Then,  given 

d P(r)  -  — — r2  dr  J  {e'“ cos  ,/’r’kT)  sin  8  d(9 


we  shall  have 


dP(r)  =  -77^7-r2  dr  f  dy 

1000  */-i 


The  integral 


X.luc'ff'rrit  j,.  —  - ! -  f*  piufiiPir l>  aj  - — ~ — ..  1 

1  -  ue/ir'-kTJ-^  \^kT  / 

^ur  Nr‘k  1  _  j,  uftr'kT  2  sinh  [ae/irkT] 


ue  /  <r:kT 


ue/trkT 
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,  IxNca  , 
dP(r)  ~  -  r  dr 
1000 


( 


gM/^kT  . 


ey/t^kT 


g-utl^kT  ^ 


(VII) 


In  order  to  integrate  with  respect  to  r,  one  has  t-  set  a  finite  upper 
limit  to  r.  The  above  function,  for  a  given  finite  thickness  Ar, 
shows  a  minimum  with  r.  defined  by 

d  (  W{r)  \  AvNca  1  d  T  ,  .  L  /  M*  \  1  „ 

drV  Ar  /  1000  ye/tkT  dr[ 

which,  by  operating  the  derivative,  leads  to 

4,1  (^f) + ’ 0 

fe)' 


4 r3  tanh 


lye 

Z*kT 


r3  =  0 


Cali  Y  =  ye/t^kT.  Then  2  tanh  Y  -  Y  =  0  and 
tan  Y/Y-  0.5 


(VIII) 


which  is  satisfied  for  Y  =  1 .91 5  =  2.  The  probability  function 
will  have  a  minimum  for  Y  =  2  which  means  physically  that  the 
probability  will  go  through  a  minimum  for  a  squared  distance  r1 
-  q2  that  corresponds  to  an  aligned  (0  =  0)  ion-dipole  configu¬ 
ration  of  energy  equal  to  Ik  T  or 


V  2tkT ) 


(IX) 


For  an  electrolyte  such  as  LiBF*  of  y  =  16  x  10"18  esu  cm  in  the 
solvent  1 ,2-dimethoxyethane  (<  =  7.0  at  25  °C)  q  =  1 1 ,55  X  10~18 
cm,  whereas  in  DMM  (t  =  2.76  at  25  °C),  by  retaining  the  same 
y.  it  results  in  q  -  18.4  X  10~*  cm.  Following  Bjerrum,  we  shall 
integrate  d P(r)  for  r  between  a  and  q.  with  a  being  the  minimum 
distance  accessible  to  an  ion  to  approach  a  dipole. 


P(r)  = 


AxNca 


(fVhtkT  _  J2  \ 

-  r 


ey  /  T 


given 
Y 


cy  _  /  ye  V 
'  ti^kT’  r~\tkT/ 


Y-'l 2,  dr  = 


•  ''*-5(5?] 


3/2 


Y3/2dY. 

Y  -  2  for  r  =  9 
ey 

Y  -  — - —  =  b  for  r  =  a 
ta2kT 


K^dY 


Then 


P(Y) 


P(Y) 


AxNco 
1000 

UNca 


xw 
xur 


^-v:sinh_K 


sinh  Y 

y>/2 


dT  (X) 


and  by  multiplying  and  dividing  by  a \  we  obtain 
InNcoa 3 


PiY) 


1000 


Cbi inhj 

J:  >": 


dK 


TABLE  I:  Calculated  Kr  for  LiBF4  In  DME  (<  =  7.0)  and  in  DMM 
(<  =  2.76)  il  T*  298.2  K  as  a  Function  of  the  Separation  Distance  t 
between  Ions  and  Dipoles 

A-r(expll), 

M  1 


50 


0*o,  cm  b 

M-' 

Q 

At,  M-' 

DME;  q 

*  (ey/likT)'12  =  1 1.47  X  10  *  cm; 
y  *  15.8  x  1 0_1*  esu  cm 

4 

16.455 

0.2421 

398.5 

6.4  X  10J 

5 

I0.S3I 

0.4728 

12.071 

195 

5.5 

8.704 

0.6293 

4.115 

66.5 

5.6 

8.395 

0.6643 

3.465 

56.0 

5.7 

8.103 

0.7005 

2.955 

47.7 

6 

7.313 

0.8170 

1.463 

31.7 

7 

5.373 

1.2974 

0.828 

13.4 

9 

3.250 

2.7574 

0.3055 

4.94 

11 

2.176 

5.0345 

0.0532 

0.86 

DMM;  0  «  18.39  X  10 

18  cm;  y  = 

16  X  10-”  esi 

7 

13.802 

1.2974 

86.34 

5474 

7.99 

10.594 

1.9294 

12.535 

834 

8 

10.567 

1.9366 

12.336 

821 

10 

6.7630 

3.7825 

1.5071 

100 

12 

4.6965 

6.5362 

0.6283 

41.8 

14 

3.4505 

10.379 

0.3469 

23.1 

16 

2.6418 

15.493 

0.1722 

11.5 

18 

2.0873 

22.060 

0.0268 

1.78 

826 


The  integral  can  be  solved  by  expanding  in  series  the  convergent 
function 

Y3  Y3 

sinh  Y  =  Y  +  —  +  —  + 


s: 


ym 

X‘( 


r5/J  +  Iy-l/2  +  Iy3/2  +  £.j/7/2  |  dK 


_y-  3/2 

g=  T.T  + 


yl/2 


yS/2 


y»/2 


11(3/2)  31(1/2)  51(5/2)  71(9/2) 

yt«-W2»  I* 


0  s 

v  .(«-( 5/2))n!|2. 


for  all  odd  n 


Therefore 

P(Y)  =  ;r 

v  1000  v  ,M»  1  u 


yin-ilil  |t*» 


1000  -  |.^d(n- 5/2)n!|,.: 

(XI) 

The  function  Q  is  converging  function  by  increasing  n.  By  limiting 
n  to  n  =  15,  one  obtains 


b'/ 2 


b’7/ 2 


+  C 

b2'n 


bs>2 


b-v2 

1.5  +  (0.5)3!  '  (2.5)5!  '  (4.5)7!  '  (7)9! 


b2i>2 


(8.5)11!  (10.5)13!  (12.5)15! 


-0.2556,  (n  =  15) 


and  we  shall  identify  the  ratio  P(  Y)/ca  as  the  triple-ion  formation 
constant  Ky.  associated  to  either  of  the  two  processes 

AB  +  B AB:- 

AB  +  A+  ^  AjB* 

taken  to  occur  to  the  same  extent  (symmetrical  approximation) 

„  °TC  °T 

(1  -  a  -  3oy)cac  ca 

namely,  a  degree  of  triple-ion  formation  ay  per  unit  concentration 
of  free  ions.  Then 


(XII) 


Table  I  reports  the  calculated  values  of  Kr  as  a  function  of  a  for 


LiBFj  in  1,2-Dimethoxymethane 
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TABLE  11:  Experimental  Values  of  log  Ky  and  Calculated  Values  of 
log  A'T(a)  for  the  System  Isoamylammonium  Nitrate  in  H]0-Dioxane 
Mixtures  at  25  °C“ 


%  HjO 

€ 

log  Ar(expll) 

log  Ky(0) 

108a.  cm 

log  Kyia) 

0.60 

2.38 

4.68 

4.65 

9.6 

4.62 

1.24 

2.56 

4.12 

4.11 

9.9 

4.30 

2.35 

2.90 

3.50 

3.50 

10.1 

3.79 

4.01 

3.48 

3.00 

2.98 

9.9 

3.12 

6.37 

4.42 

2.50 

2.51 

9.4 

2.41 

9.50 

5.84 

2.00 

2.01 

8.9 

1.80 

“The  value  y  = 

29  x  10-**  esu  cm,  corresponding  to  d  * 

6.04  X  I  O'* 

cm  (m  =  de).  has  been  used  to  calculate  Ky(a).  a  is  the  experimental 
value  for  the  ion-dipole  separation  distance,  d  is  the  dipole  charge-to- 
charge  separation  distance.  The  values  of  log  Ky{a)  have  been  ap¬ 
proximated  to  log  A'T(exptl)  by  varying  a  in  steps  of  0.1  X  10‘!  cm. 
The  value  of  log  Ky(i)  corresponds  to  the  calculated  Ky  for  the  aver¬ 
aged  a  for  the  system,  a  =  9.6,  x  10'8  cm. 


<to«> — 


Figure  3.  log  Ky  vs.  1  /<  for  isoamylammonium  nitrate  in  H;0-dioxane 
at  25  °C.  The  solid  line  corresponds  to  eq  XII  with  a  -  9.64  X  10'8  cm. 
The  dashed  line  corresponds  to  the  Fuoss-Jagodzinski  theory  with  a  = 
10.7  x  10'*  cm. 

LiBF4  in  1.2-dimethoxyethane  (DME)  of  permittivity  e  =  7.0  for 
which  y  -  15.8  x  l(F18  esu  cm.2  It  was  found2  that  X,(exptl)  = 
50  M'1  from  conductance  experiments.  Judging  from  the  above 
figure,  it  would  result  a  ~  5.7  X  I0"8  cm,  a  very  reasonable  figure 
when  compared  with  the  charge  separation  of  the  dipole,  d  =  y/e 
*  (15.8  X  I0*ib/4.8  x  I0'10)  =  3.3  X  108  cm.  and  the  axiom." 
aT  =  1.5 d  =  4.9  x  | O'8  cm.  The  last  model  envisages  the  triple 
ion  as  composed  of  three  identical  spheres  in  an  aligned  config¬ 
uration  (corresponding  to  a  minimum  in  the  potential  energy). 
Very  reliable  data  for  Ky  as  a  function  of  the  permittivity  exist 


M  M  !■ 


Figure  4.  (A)  Real  part  of  the  complex  permittivity  «*  =  «'-  Jt"  vs. 
frequency/for  0.35  M  LiBF4  in  DMM  at  25  °C.  (B)  Cole-Cole  plot 
for  0.35  M  LiBF4  in  DMM  at  t  -  25  °C. 

with  &  »  el/2takT. 

In  fact,  the  average  |A|  =  |log  XT(calcd)  -  log  Ayfexptl)!  =  0.14 
with  a  =  9.64  X  10-8  cm,  whereas  |A|  =  |log  XTFJ  -  log  Ax(exptH 
=  0.15  with  a  =  10.7  X  10  *  cm.  The  present  approach,  however, 
does  not  contain  constraints  in  defining  a  triple  ion  only  when  th: 
ion  is  “in  contact”  with  a  dipole.  Rather,  it  defines  a  triple  ioi 
for  r  varying  between  a  and  q. 

We  then  wish  to  compare  Ky  (eq  XII)  with  the  experimental 
result  for  LiBF4  in  DMM  at  25  °C.  By  use  of  the  value  y  =  16 
X  10"18  esu  cm.  obtained  in  DME  solvent  by  dielectric  relaxation. 
Table  1  reports  the  values  of  ATt  as  a  function  of  the  parameter 
a.  The  fit  with  the  experimental  value  Ky  =  826  M'1  is  obtained 
for  a  =  8.0  X  10'8  cm.  This  value  is  remarkably  close  to  the  one 
calculable  from  the  axiom  a  =  1.5 d  =  7.7  X  I0~8  cm,  d  =  5.1  X 
I  O' 8  cm  being  calculable  from  the  Kk  obtained  from  the  con¬ 
ductance  data. 

Dielectric  and  Ultrasonic  Relaxation.  Figure  4A  reports  the 
real  part «'  of  the  complex  permittivity  «*■«'-  JC  plotted  vs. 
the  frequency / for  LiBF4  (0.35  M)  in  DMM  at  25  °C.  The  solid 
line  is  the  fitted  function  which  appears  capable  to  interpret  the 
available  data  according  to  a  single  Debye  relaxation  process 

,xn" 


in  the  literature  for  the  system  isoamylammonium  nitrate  in 
HjO-dioxane  at  25  °C. 

Table  II  compares  the  experimental  data  for  log  Ky  with  the 
calculated  log  Ky  values  and  the  corresponding  values  of  a  used. 
The  calculated  Ky  corresponds  to  the  best  fit  by  varying  a.  The 
values  of  Ky(d)  obtained  by  using  the  averaged  a's  are  also  shown. 
Figure  3  reports  the  log  Ky  vs.  1  /<  for  the  above  system.  The  solid 
lines  are  the  calculated  values  for  log  AT(9.64).  The  fit  to  the 
experimental  data  is  comparable  with  the  one  obtainable  with  the 
Fuoss-Jagodzinski  function  KTI  and  the  parameter  a  =  10.7  X 
I  O'8  cm 

..  ...  ttLa'e  '1 


Figure  4B  is  the  Cole-Cole  plot  of  t"  vs.  t',  and  the  semicircle 
corresponds  to  a  single  relaxation  process  with  t'  given  by  the 
equation  above  and  t”  given  by 

«"  =  (i0-»„) — — — -  (XIV) 

l+(/y/r)2 

with  parameters  t0  =  2.78,  «„  =  2.02.  and /r  =  60  GHz.  Notice 
that  Saar  cl  al.9  reported  for  the  solvent  DMM  «0  =  2.76. »«,  = 
2.18,  and  f  =  75  GHz.  Hence,  the  presence  of  0.35  M  LiBF4 
is  only  detectable  in  a  shift  of  the  solvent  relaxation  to  lower 
frequencies  and  a  change  of  the  relaxation  strength  (<0  -  <„)  which 
is  apparently  due  mostly  to  a  change  in  («.  The  latter  one  is  only 
an  extrapolated  parameter  because  of  possible  effects  on  the 
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Figure  5.  Ultrasonic  spectrum  of  y  =  atu\  vs.  frequency  /for  LiBF4  in 
DMM  at  t  =  2S  °C. 

TABLE  III:  Ultrasonic  Parameters  fr  *nd  B  and  Sound  Velocity 
ir  for  All  Ike  Concentrations  of  LiBF4  in  DMM  and  Temperatures 
Investigated 


.  °C 

c,  M 

10Vm 

/„  MHz 

I0I,B,  cm'1  s2 

10sM,fl  cm 
s"1 

25 

0.35 

430 

85 

48 

1.069 

25 

0.24 

450 

90 

42 

1.065 

25 

0.168 

390 

80 

38 

1.064 

25 

0.093 

280 

80 

36 

1.063 

15 

0.25 

410 

80 

40 

1.142 

5 

0.25 

470 

75 

36 

1.153 

-1 

0.25 

480 

70 

38 

1.179 

*  I0*u  =  1.179  -  0.004/  ( r2  =  0.9),  for  0.25  M  LiBF,  between  25  and 
-I  °C,  reproduces  the  experimental  data  with  a  %  error  =  |Auj/u  = 
±1%. 

non-Debye  nature  at  />  100  GHz.12  The  rather  remarkable 
finding  for  the  present  system  is  the  absence  of  a  “solute"  re¬ 
laxation  around  1-3  GHz  which  has  been  the  observed  behavior 
of  alkali  salts  in  ethereal  solvents  studied  so  far.12'13  This  apparent 
invisibility  of  the  dipolar  pairs  LiBF4,  despite  the  very  large  Aa 
found  by  conductance,  can  be  interpreted  in  two  ways:  either  the 
pairs  are  so  heavily  solvated  that  their  diffusional  rotational  re¬ 
laxation  frequency  is  below  the  range  accessible  to  our  microwave 
measurements,  or  LiBF4  is  heavily  dimerized  above  ~0.1  M  to 
apolar  or  antiparallel  dimers  which  are  practically  invisible  by 
dielectric  relaxation. 

Consideration  of  the  second  hypothesis,  namely  a  sizable  di¬ 
merization,  is  suggested  by  the  fact  that  already  in  DME2  («  = 
7.0)  an  ultrasonic  relaxation  was  interpreted  as  due  to  dimeri¬ 
zation.  In  DMM  solvent  (t  =  2.76)9  simple  electrostatic  con¬ 
siderations  would  suggest  the  quadrupolar  or  dimer  formation 
constant  to  be  much  larger  than  in  DME. 

Figure  5  shows  a  representative  plot  of  the  excess  sound  ab¬ 
sorption  per  wavelength  m  =  aeKX  plotted  vs./for  LiBF4  in  DMM 
at  25  °C.  Although  the  data  extends  to  about  3  decades  in 
frequency,  a  single  Debye  process  (solid  line)  appears  adequate 
to  represent  the  data  according  to  the  function 

y  =  2umlx — -  (XV) 

1  +  if//,)2 


where  u  *  ymxx  at  the  relaxation  frequency  f  =  f,  y  =  aexc\  = 
(a  -  Bf)u/f.  a  is  the  sound  attenuation  coefficient,  X  is  the 
wavelength  X  =  u/f  y  is  the  sound  velocity,  and  B  -  ( a 
is  the  background  (a//1)  ratio  for  frequencies />> /,.  Table  III 
reports  the  relaxation  parameters  yml „,/r,  and  B  and  the  sound 
velocity  u  for  all  the  solutions  and  temperatures  investigated. 

From  Table  III  it  is  apparent  that,  within  experimental  error, 
/,  is  indpendent  of  concentration  at  25  °C  but  that  ym  is  not  linear 


(12)  J.  Goulon.  J.  L.  Rivail,  J.  Fleming.  J.  Chamberlain,  and  P.  Chantry. 
C.  R  Seances  Acad  Sr/.,  Ser.  C.  116.  907  (1973). 

(13)  S.  Onishi.  H.  Farber,  and  S.  Petrucci,  J.  Phys.  Chem..  84.  7922 
(1980):  H.  Farber  and  S.  Petrucci,  J.  Phys.  Chem.,  79.  1221  (1975). 
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Figure  6.  (A)  Eyring  plot  for  0.25  M  LiBF<  in  DMM.  (B)  Lamb  plot 
for  0.25  M  LiBF4  in  DMM. 

with  concentration.  This  last  observation  negates  the  interpretation 
by  a  scheme  A  «  B  which  could  represent  a  first-order  (or 
pseudo-first-order)  intramolecular  process  (involving  the  solvent). 
Rather,  we  propose  a  multistep  dimerization  process  of  the  type 

2M  ==:  M  -M  M2  (XVI) 

with  M  =  LiBF4,  the  monomer  ion  pair.  This  scheme  leads14  to 
two  relaxation  times  that  for  ku  k »  k2,  k_2  read 


i’ll"1  =  *2  + 


rf1  =  4*,(M)  + 
4(M) 


4(M)  +  a:., 


with  A |  =  (A|/A.,) 


(M-M) 

(M)2 

(XVII) 


For  4(M)  »  A., 

r,,"1  =  A.2  +  fc2  =  Ml  +  *2)  or  r,,'1  = 

IcT 

+Ay  (XVIII) 
n 

with  K2  -  k2/k.2.  The  above  implies  that  a  plot  of  In  (tu'/T) 
vs.  \/T  will  have  a  slope13 

dlnfru'/T)  A//.,*  K2  A  H2 

- 1 - = - : - : - :  (XIX) 

d(l/D  R  1  +  Ai  R  y  ’ 


with  K2  -  e-A-Rt/RTfSSi/R 

Figure  6A  shows  a  plot  of  In  (ri T'/T)  vs.  \/T.  The  solid  line 
was  calculated  by  linear  regression  giving  r2  =  0.95,  intercept  = 


(14)  C.  C.  Chen.  W.  Wallace.  E.  F..  F.yring.  and  S.  Petrucci,  J.  Phvs 
Chem..  88.  5445  (1984) 

(15)  C.  C.  Chen  and  S.  Petrucci.  J  Phys.  Chem  .  84.  260)  (1982) 


LiBF4  in  1 ,2-Dimethoxymethane 

16.01,  and  slope  =  -466  from  which  A S.2*  =  -15.4  cal/(K  mol) 
and 


-466  =  -- 


K2  ah2 

1  +  K2  ~R~ 


Also,  eq  XVIII  gives 


5.28  X  108  =  I^asV/vawV/^j  +  *2)  or 
ft 

0.20  =  e  ^'lRT(\  +  K2)  (XXI) 

For  a  two-step  dimerization  process  (XVI),  the  maximum  sound 
absorption  per  wavelength  mm  for  the  slow  relaxation  process  is 
bound  to  the  concentration  of  the  various  species  by  the  relation14 


_  x  ^_S1I 

M"  =  20,  RT  r" 


(XXII) 


with  0S  =  (pu2)1  the  adiabatic  compressibility,  p  the  density,  and 
AVsli  the  isoentropic  volume  change 


AKSII  *  AV2  +  - AVt  (XXIIa) 

J6(M)  +  (M--M) 

with  AVt  and  AV2  the  isoentropic  volume  changes  associated  with 
the  steps  of  process  XVI.  Also,  the  function  Tn  is14 

rn  *  I  7T7T  +  T - - - 1  (XXIII) 

I  (M2)  /4(M)  +  (M--M)  J 

(the  factor  */2  instead  of  '/4  in  front  of  (M)  in  eq  XXIIa  and 
XXIII  reported  in  ref  14  was  a  misprint).  If  (M)  <  (M—M), 
(M2),  as  the  dielectric  data  seem  to  imply,  eq  XXIII  can  be 
approximated  to 


r"  *  [isj +  (m=w]  ' "  rr£<M~M) 

with  K2  =  (M2)/(M— M).  On  the  other  hand,  one  can  write 
(M—M)  +  (M2)  corner 

(M~M)  =  — FT*; - y+y2 


(M-M) 


(M-M)  = 


k2 

r  - -c*" 

(1  +  X2)2 


(XXIV) 


where  Cd,nKr  =  (M—M)  +  (M2).  (Notice  also  that  AKSII  is  con¬ 
centration  dependent  and  that  indeed  Mu  is  not  linear  wityh  c.) 
Introducing  (XXIV)  into  (XXII) 

T  (A*S>.)J  X2  _ 


20,  RT  (l+X2)2 


In  ( p„T/u 2)  -  In 


Tpcdim.rAp-s(i2 

2R 


+  ln  K2~  2  In  (1  +  X2) 
(XXV) 


If  one  neglects  the  temperature  dependence  of  the  quantity 
p^i"“rAKS||2,  the  above  implies  that 


d  In  (p„T/u2)  A H2  2 K2  A H2  AH2  K2  -  1 

d(l/D  ”  ~R~  +  1  +  K2  ~R~  =  ~fT  K2  +  1 

(XXVI) 

namely,  the  slope  of  a  plot  of  In  (pltT/u2)  vs.  1/7"  should  be 
expressed  by  eq  XXVI.  Figure  6B  shows  this  plot.  Linear  re¬ 
gression  gives  intercept  =  -21.05  and  slope  *  -526.9.  Therefore 


-526.9 


A  H2  K2  -  1 

~TC  k2  + 1 


(XXVII) 
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TABLE  IV:  Thermodynamic  and  Kinetic  Parameters  for  the  Slow 
Relaxation  Dimerization  Process  for  LiBF4  in  DMM 


*2 

6.6 

ASV 

-15.4  ca!/(K  mol) 

f 

ag2 

-1.12  kcal/mol 

A «2* 

0.78  kcal/mol 

ft 

A H2 

-1.42  kcal/mol 

as2* 

-16.4  cal/(K  mol) 

AS  2 

-1.0  cal/(K  mol) 

*2 

4.4  X  10*  s"1 

kJ 

AH-2* 

2.2  kcal/mol 

i;| 

t|4 

if 

TABLE  V: 

Calculated  Values  of  K. 

■si  according  to  the  Expression 

K.mi  -  K-bO.  as  a  Function  of  a„ 

with  n  - 

16  X  10  "  cm  esu  T  = 

t,i 

298.2,  t  = 

2.76,  and  6, 

=  iP/tafkV 

Is' 

“q 

K 

e, 

a 

5 

18.035 

0.3152 

5507 

3.1  X  104 

M 

6 

10.437 

0.5447 

23.34 

132.7 

l', 

7 

6.572 

0.8649 

2.913 

16.57 

»' 

itC 

8 

4.403 

1.291 

1.231 

7.00 

r 

n? 

9 

3.092 

1.839 

0.6935  3.94 

»• 

10 

2.254 

2.522 

0.3734  2.12 

tr 

11 

1.694 

3.356 

0.1129  0.642 

•! 

“Km  =  0  for  a  separation  distance  q  *  ((2/’S)(p1/(kT))',3  =  1 1.4, 
x  10*  cm,  for  the  above  parameters. 

Equations  XX,  XXI,  and  XXVII  can  now  be  correlated.  Trial 
and  error  choice15  of  K2  leads  to  compatibility  for  K2  =  6.6  which 
leads  to  AH2  =  -1.42  kcal/mol  and  AH.2*  =  2.2  kcal/tnol. 

Table  IV  reports  the  above  and  the  derived  thermodynamic  and 
kinetic  parameters  from  the  relations  A<?2  =  -RT  In  K2  =  -1.22 
kcal  at  T=  298.2  K,  A S2  -  (\/T){AH2  -  A G2)  =  A S2‘  -  A S.2*, 
and  AH2  =  A H2*  -  AH  2\ 

It  would  appear  desirable  to  evaluate  Xq,  the  overall  quadrupole 
or  dimer  formation  constant.  From  scheme  XVI  and  the  defi¬ 
nitions 


_  (M-M) 

'  (M)2  ’ 

it  results  that 


(M-M)'  1 

:  -  ATiO  +  K2) 


(M-M)  +  (M2) 


(XXVIII) 


and  we  have  obtained  K2  =  7.8.  X,  could  be  evaluated  in  principle 
from  the  Maaser-Bjerrum2  theoretical  expression 

xqB)  =  (XXIX) 


4  xLa1 
3000’ 


h,  =  - 

q  ta^kT 


Qq  =  0.6667  -  -  +  L 


(n  +  2)!  n 


(**-(1.5  n 


(XXX) 


for  odd  n’s. 

For  *  =  2.76  and  by  retaining  u  =  16  X  10~18  esu  cm,  we  have 
calculated  Q  extending  n  to  n  *  17.  The  calculation  of  XqB)  is 
shown  in  Table  V.  Unfortunately,  X,Bj  appears  to  be  too  sensitive 
to  the  choice  of  the  parameter  a,,  the  minimum  dipole-dipole 
separation  distance,  to  make  an  assignment  of  *,»i  *  x,  short 
of  being  an  arbitrary  assumption. 

Conclusion 

The  Fuoss-Kraus  triple-ion  conductance  theory  allows  for  the 
determination  of  XA  =  6  x  1016  M"'  and  Kr  =  826  M"1,  pending 
the  validity  of  the  Walden  rule  and  the  assumption  A 0  *  2/3A{,. 
The  Fuoss-Jagodzinski  association  relation  for  XA  gives  d  *  5.1 
X  1 0"*  cm  for  the  charge  separation  of  the  ion  pair.  The  theoretical 
expression  XII  derived  above  for  XT  gives  a  =  8.0  X  10"*  cm  for 
the  minimum  separation  ion  distance  between  the  ion  and  the 
dipole,  close  to  the  axiom  a  *  1 .5d  =  7.7  x  10"*  cm.  The  dielectric 
data  show  absence  of  a  dielectric  relaxation  for  the  solute  in  all 
the  frequency  ranges  investigated.  This  could  be  rationalized  either 
by  the  dipole  pairs  relaxing  below  1  GHz  or,  more  likely,  by  the 


'jouevovov" 
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Concentration  (mol  dm'’)  for  LiBF4 
°C 

in  Dimethoxymethane  at  25.00 

« 

|  run 

10V 

A 

1 

78.304 

6.562  X  10  s 

*; 

174.611 

5.887  X  10-5 

6. 

i 

311.22 

6.606  X  lO’5 

430.65 

8.060  X  10~s 

V, 

4*i 

1  2 

1279 

2.379  X  lO"4 

«« 

■ 

2018 

4.382  X  10-4 

»*■ 

5026 

5.662  X  I0"3 

|  3 

874.6 

1.282  X  lO"4 

1080 

1.589  X  (O'4 

d 

1574 

2.523  X  lO"4 

3550 

1.359  x  10~3 

electrolyte  being  dimerized  to  apolar  dimers. 

An  ultrasonic  relaxation  of  Debye  type  is  interpreted  as  due 
to  the  second  step  of  a  coupled  two-step  dimerization  process. 
Kinetic  and  thermodynamic  parameters  have  been  extracted  from 
the  data.  In  particular,  the  formation  constant  for  the  second  step 
of  dimerization  Af2  equals  6.6.  The  constant  for  the  first  step  K, 


cannot  be  determined  without  a  reliable  knowledge  of  aq,  the 
pair-to-pair  minimum  separation  distance. 

Appendix 

Electrical  conductance  and  concentration  data  for  LiBF4  in 
DMM  at  25  °C  are  given  in  Table  VI. 

Note  Added  in  Proof.  After  the  completion  of  the  present  work 
we  have  performed  static  permittivity  measurements  at f  -  3.5 
MHz  with  a  Bontoon  resonator  and  a  cell  of  capacity  C0  =  5.0, 
±  0.07  pF  of  a  solution  0.093  M  LiBF*  in  DMM  at  25  °C.  The 
average  of  two  experiments  gave  <0  =  2.82  ±  O.Oi,  a  value  close 
to  the  figure  extrapolated  from  the  microwave  range  <0  =  2.78 
as  reported  above.  This  confirms  that  hypothesis  advanced  above 
that  the  electrolyte  is  heavily  associated  to  apolar  dimers. 
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Pages  66-72.  Recently1  the  equation  describing  the  formation 
constant  of  triple  ions  KT  in  a  medium  of  permittivity  «  has  been 
proposed 

KT  =  Kob3'2Q 


with 


2*Nal  _  gp 
0  1000  ’  ttfkT 


and 


J4MS/2)) 


'(»  -  (5/2))«!|2 

for  all  odd  n's,  and  V  *  en/tr^kT.  a  is  the  minimum  distance 
between  the  ion  and  the  dipole  ion-pair  of  moment  p.  For  n  up 
to  n  =  15,  Q  should  read 

*•/!  *5/2  *V2  *13/2 


*-3/2 

o  * - + 

V  1.5  (0.5)3! 


(6.5)9! 
*25/2 

(8.5)11!  *  (10.5)13!  (12.5)15! 


(2.5)5!  (4.5)7! 

*17/2  *21/2 


-  0.2556 


instead  of 


in  the  fifth  term  on  the  right  side,  as  previously  reported.1 


(I)  Delsignore.  M.;  Farber,  H.;  Petrucci,  S.  J.  Phys.  Chem.  1986.  90, 
66. 


TABLE  I:  Calculated  Kr  for  UBF4  ia  DME  (<  =  7.0)  and  in  DMM 
(f  -  2.76)  at  T  *  298.2  K  as  a  Function  of  the  Separation  Distance  a 
between  Ions  and  Dipoles 

10V  cm  Q  Kr,  M’1  Axfexptl),  M  ' 


DME 


4 

305.11 

4931 

5 

8.3013 

134.2 

5.5 

3.1719 

51.3 

5.6 

2.7396 

44.3 

5.7 

2.3949 

38.7 

6 

1.6988 

27.5 

7 

0.8012 

12.9 

9 

0.3050 

4.93 

11 

0.05329 

0.86 

DMM 

7 

59.728 

3973 

7.7 

13.776 

916.5 

7.76 

12.419 

826.2 

7.8 

11.610 

772.4 

8 

8.4640 

563.1 

10 

1.3581 

90.4 

12 

0.6187 

41.2 

14 

0.3463 

23.0 

16 

0.1725 

IIS 

18 

0.02717 

1.81 

Consequently,  the  values  of  Q  and  Ky  of  Table  I1  should  be 
corrected  as  indicated  in  the  revised  Table  I  reported  here. 

For  LiBF4  in  DME,  a  fit  with  £T(exptl)  is  obtained  for  a  =* 
5.5  X  KT®  cm  and  for  LiBF4  in  DMM,  a  fit  is  obtained  for  a  = 
7.76  X  10  *  cm.  Both  figures  are  in  reasonable  agreement  with 
the  axiom  a  =  1.5 d,  with  d  the  ion  pair  separation  distance.1 

Similarly,  the  fit  with  KT  for  tetraisoamylammonium  nitrate 
of  Table  II  is  obtained  for  d  =  9.38  x  10"®  cm  instead  of  d  =  9.64 
x  KT®  cm  as  reported.1  The  conclusions  of  the  work1  thus  remain 
the  same. 
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Infrared  spectra  of  sodium  thiocyanate  solutions  and  lithium  thiocyanate  solutions  in  tetrahydrofuran  (THP)  in  the  wavenumber 
range  2000-2200  cm'1  are  reported.  The  digitized  spectral  envelope,  which  is  due  to  the  out-of-phase  stretch  of  the  SCN 
anion,  is  quantitatively  described  by  the  sum  of  three  Gaussian-Lorentzian  product  functions.  The  three  spectral  bands 
are  assigned  respectively  to  the  N-bonded  ion  pairs  ( ~  2057  cm"1  for  NaNCS,  ~2064  cm"'  for  LiNCS),  to  the  dimers  or 
quadrupoles  (~2043  cm'1  for  (NaNCS)2,  2040  cm'1  for  (LiNCS)2),  and  tentatively  to  triple  ions  (2074  cm*1  for  sodium 
thiocyanate,  ~2086  cm'1  for  lithium  thiocyanate).  The  maximum  absorbances  per  unit  length  of  cell  are  expressed  as  a 
function  of  concentrations  by  cubic  polynomial  functions.  Ultrasonic  spectra  for  sodium  thiocyanate  solutions  in  THF  in 
the  frequency  range  0.5-400  MHz  are  described  by  the  sum  of  two  Debye  relaxation  functions.  The  ultrasonic  spectra  for 
sodium  thiocyanate  in  THF  are  interpreted  as  due  to  a  two-step  process,  2NaNCS  w*  NaNCS—NaNCS  *=*  (NaNCS)2, 
depicting  the  two-step  dimerization  of  the  ion  pair  NaNCS,  the  intermediate  being  a  solvent-separated  species.  For  lithium 
thiocyanate  solutions  in  THF,  the  ultrasonic  spectra  are  described  by  a  single  Debye  relaxation  function  and  interpreted 
by  the  dimerization  scheme  2LiNCS  —  LiNCS— LiNCS,  the  product  of  the  reaction  being  mostly  a  solvent-separated  species, 
the  “contact"  species  being  probably  in  lesser  amounts  than  for  (NaNCS)2  in  accordance  with  the  evidence  from  the  infrared 
spectra.  The  limitations  of  the  infrared  method  in  giving  reliable  formation  stoichiometric  constants  in  media  of  low  permittivity 
are  discussed.  The  advantage  of  combining  the  structural  information  from  vibrational  spectra  to  the  kinetic  results  of  the 
ultrasonic  spectra  for  a  molecular  interpretation  of  the  latter  ones  is  reiterated. 


Introduction 

Recently  there  has  been  a  renewed  interest,1  after  the  classical 
work  of  Fuoss  and  Kraus2  of  the  thirties,  in  the  association  and 
dimerization  of  electrolytes  in  media  of  low  permittivity.  The 
practical  relevance  of  these  systems,  especially  lithium  salts  in 
ethereal  solutions,  is  due  to  their  use  in  the  construction  of  sec¬ 
ondary  batteries.  Knowledge  of  the  state  of  association  of  the 
electrolyte  and  of  the  lifetime  of  the  complex  species  is  essential 
for  the  optimal  choice  of  solvent  and  electrolyte.  Despite  recent 
advances  in  application  of  transport  theories  of  electrolytes3  and 
theoretical  new  expressions  for  the  formation  constant  of  dimers 
ion  pairs4  and  triplets,5  our  knowledge  of  the  structure  of  the 
complex  species  in  solution  is  scarce  or  nonexistent. 

To  this  end  a  program  by  vibrational  IR  spectra  combined  to 
the  already  existing  molecular  relaxation  dynamic  methods 
(microwave  dielectric  relaxation  and/or  ultrasonic  relaxation)  has 
been  initiated.  For  the  present  work  the  electrolytes  sodium 
thiocyanate  and  lithium  thiocyanate  in  the  solvent  THF  have  been 
examined.  For  the  IR  spectra  the  intramolecular  vibration  of  the 
anion,  specifically  the  out-of-phase  stretch  of  the  SCN'  anion4 
(or,  in  the  group  frequency  jargon,  the  “CN  stretch"),  and  its 
changes  due  to  molecular  environments  have  been  used  as  a  probe 
to  study  the  molecular  complexation  of  the  electrolytes. 

Ultrasonic  relaxation  spectra  of  the  same  systems  are  also 
reported,  using  the  structural  information  from  the  IR  spectra, 
for  their  interpretation. 

Experimental  Section 

The  IR  spectra  have  been  recorded  by  a  Perkin-Elmer  98  3G 
spectrometer,  using  scan  times  and  noise  filter  modes  (4  and  16. 
respectively)  slow  enough  that  no  spectral  distortion  was  noticed 
with  respect  to  slower  modes.  The  cells  were  calibrated  by  the 
fringe  method7  before  each  collected  spectrum.  They  were  de¬ 
mountable  Perkin-Elmer  cells  with  0.05-mm  Teflon  spacers.  Both 
CaF2  and  NaCI  windows  were  used,  ensuring  independence  of 
the  spectra  from  the  material  of  the  windows,  and  hence  their 
inertness  to  possible  dissolution  into  the  liquid.  The  ultrasonic 
instrumentation,  data  collection,  and  method  have  been  described 
extensively  in  previous  work.1  Sodium  thiocyanate  and  lithium 
thiocyanate  (Baker  reagents  with  analysis  certificate)  were  redried 


at  ~70  and  1 10  “C,  respectively,  in  vacuo  (~  1  mm),  in  volumetric 
flasks  until  constancy  of  weight.  Solutions  were  prepared  by 
volume  addition  of  tetrahydrofuran  (THF)  (Baker  ACS)  dried 
over  molecular  sieves  (5A).  The  molecular  sieves  had  been  dried 
for  many  hours  at  ~  1 40  °C  and  cooled  in  vacuo.  Infrared  spectra 
of  the  THF  product  as  received  showed  a  faint  band  at  ~3300 
cm"1  which  disappeared  after  a  few  days’  exposure  to  molecular 
sieves.  This  indicated  absence  of  water  in  this  product  within  the 
resolution  of  the  98  3G  spectrometer  set  with  an  ordinate  scale 
of  0.25  in  absorbance  (A  =  0.0025/minimum  division). 

Results  and  Calculations 

Some  of  the  infrared  spectra  expressed  in  absorbance  vs. 
wavenumber  (cm-1)  are  depicted  in  Figures  1  and  2.  The  spectra 
for  sodium  thiocyanate  show  rather  dramatically  the  relative 
change  of  the  two  visible  bands  with  total  concentration  of 
electrolyte. 

For  lithium  thiocyanate  the  satellite  band  is  the  one  at  lower 
wavenumbers  at  variance  with  the  case  of  sodium  thiocyanate, 
indicating  qualitatively  a  different  molecular  distribution  of  the 
species  present  for  the  two  electrolytes. 

For  the  quantitative  interpretation  of  the  spectra  they  were 
digitized  with  a  resolution  of  2.5  cm"1  (1.25  cm"1  near  the  peaks 
and  shoulders).  It  is  known  that  Lorentzian  functions  are  par¬ 
ticularly  applicable  to  gases  and  Gaussian  functions  are  partic¬ 
ularly  applicable9  to  solids  in  terms  of  the  band  shape  of  vibrational 


(1)  Farber,  H.;  Irish,  D.  E.;  Petrucci,  S.  J.  Phys  Chem.  14X3.  S7,  3515. 
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TABLE  I:  Calculated  Infrared  Parameters  from  Fitting  the  Digitized  Infrared  Spectra  to  the  Gaussian- Lorentziaa  Product  Function" 


c,  M 

/,  mm 

A° 2043 

>*2043 

A°x»i 

*2057 

(Ar)1/2 

/*°2074 

**2074 

(Av)1/2 

0.198 

0.057 

0.79 

2043.5 

13 

0.47 

2057 

13 

0.10 

2074 

13 

0.148 

0.057 

0.60 

2043 

13 

0.42 

2056 

13 

0.06 

2074 

*  13 

0.103 

0.050 

0.40 

2042.5 

13 

0.25 

2057 

13 

0.02 

2074 

13 

0.050 

0.051 

0.17 

2042 

13 

0.14 

2056.5 

13 

0.005 

2074 

13 

0.025 

0.059 

0.080 

2042 

13 

0.087 

2057 

13 

LiSCN 

c,  M 

l,  mm 

a0 

A  2040 

*'2040 

(A»)|/j 

-^°2064 

“2064 

(Av)|/2 

A0**, 

*20U 

(A**)i/2 

0.268 

0.056 

2038 

14 

1.70 

2065 

14 

msm 

14 

0.14 

14 

1.26 

14 

i  t 

14 

0.057 

14 

0.67 

2064 

14 

0.04 

wrm 

14 

jfiTAI 

2040 

13 

0.58 

2063 

13 

2086 

13 

0.042 

13 

0.29 

13 

M:  Ml  Ife 

13 

i 

i 

i 


‘Oj  *  (Aey),/2/1.46  for  NaSCN  and  LiSCN  in  THF.  s,  and  ( Avy),/2  are  expressed  in  cm'1. 


Figure  1.  Representative  infrared  spectra  for  the  CN  stretch  of  sodium 
thiocyanate  in  THF  at  various  concentrations. 


Figure  2.  Representative  infrared  spectrum  for  the  CN  stretch  of  lithium 
thiocyanate  in  THF. 


Figure  3.  Digitized  infrared  spectrum  and  calculated  spectrum  sum  of 
three  Gaussian-Lorentzian  product  functions  for  sodium  thiocyanate  in 
THF.  Cell  length  /  *  0.057  mm. 


spectra.  For  the  present  case  the  empirical  Gaussian-Lorentzian 
product  function  already  used  before10  has  been  applied 


(10)  Irish,  D.  E  .  Tang.  S.  V  ;  Talts.  H.;  Petrucci.  S.  J  Phvs.  Chem.  1979. 
v.t.  t;ns. 


with  Af  the  absorbance  at  the  center-band  wavenumber  vr  <r;  the 
variance  a ,  =  (Ai>),  ,2/1.46,  with  (Av)i/2  the  bandwidth  at  (I fl)Af 
for  each  band.  For  the  spectra  of  the  present  work  it  has  proven 
to  be  necessary  to  use  three  Gaussian-Lorentzian  bands  for  a 
quantitative  interpretation  of  the  absorbance  envelope;  hence 

A  =  Z.4,  0  *1.2,  3)  (II) 

The  parameters  used  to  interpret  the  spectra  are  collected  in  Table 


t  <.  **?•.  Vi 
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Figure  4.  Digitized  infrared  spectrum  and  calculated  spectrum  sum  of 
three  Gaussian-Lorentzian  product  functions  for  lithium  thiocyanate  in 
THF.  Cell  length  I  -  0.056  mm. 
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Figure  5.  Excess  sound  absorption  per  wavelength  u  vs.  frequency  / for 
a  representative  ultrasonic  spectrum  of  sodium  thiocyanate  in  THF  at 
25  °C. 


I  for  all  the  concentrations  of  sodium  thiocyanate  and  of  lithium 
thiocyanate  investigated  in  THF.  Figures  3  and  4  report  repre¬ 
sentative  plots  of  the  digitized  spectra  for  sodium  thiocyanate  and 
lithium  thiocyanate  in  THF  with  the  indicated  band  components 
(dashed  lines)  and  their  sum  (solid  lines)  describing  the  absorbance 
envelope. 

Representative  plots  of  the  ultrasonic  spectra  for  sodium 
thiocyanate  and  lithium  thiocyanate  in  THF  are  reported  in 
Figures  5  and  6.  For  the  case  of  sodium  thiocyanate  two  Debye 
processes  are  necessary  to  interpret  the  spectra  expressed  as  excess 
sound  absorptions  per  wavelength  n  =  (a  -  BP)u/f  vs.  the  fre¬ 
quency  /.  In  the  above.  «  is  the  sound  attenuation  coefficient, 
B  is  the  background  sound  absorption  ratio  a/J1  at /» /|/„  with 
/,  and  /„  the  two  relaxation  frequencies,  B  =  and  « 

is  the  sound  velocity.  Therefore 


.  <///;)  ,  (///I,) 

2n. - -  +  2^., - - 

•  +  (///i)2  l+(/V/n): 


where  mi  and  mh  are  the  maximum  sound  excess  absorptions  for 
the  two  Debye  processes  centered  at  f\  and  /»,  respectively. 

Table  II  collects  all  the  calculated  relaxation  parameters  and 
the  sound  velocities  u  for  the  concentrations  investigated  for  sodium 
thiocyanate  and  lithium  thiocyanate  in  THF  at  25  °C. 


Discussion 

(u)  Vibrational  Spectra.  The  thiocyanate  anion  is  konwn  to 
be  a  potentially  ambidentate  ligand.  It  is  a  linear  ion  which  may 
ligate  through  the  nitrogen  or  sulfur  atom.  The  three  frequencies 
of  the  thiocyanate  ion  are  the  out-of-phase  stretch  i>,,  with 
characteristic  frequency  at  2050  cm'1,  the  in-phase  stretch  s,  with 
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LiSCN  0.10M  in  THF 
1  -  2S°C 
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Figure  6.  Excess  sound  absorption  per  wavelength  m  vs.  frequency /for 
a  representative  ultrasonic  spectrum  of  lithium  thiocyanate  in  THF  at 
25  °C. 


TABLE  II:  UMrasoufc  Rdaurioa  Parameters  and  Sound  Velocities 
for  NaSCN  a ud  USCN  in  THF  at  t «  25  °C 


10~su,  cm 


c,  M 

10Vi 

/,,  MHz 

!0V,i  fn,  MHz 

cm  1  sJ 

s'1 

0.20 

315 

90 

NaSCN 

40  12 

124 

1.289 

0.158 

260 

80 

35  10 

124 

1.304 

0.11 

210 

70 

15  7 

126 

1.284 

0.056 

95 

65 

10  6 

130 

1.291 

0.10 

370 

60 

LiSCN 

112 

1.282 

0.066 

140 

50 

122 

1.279 

0.042 

150 

45 

126 

1.283 

0.024 

85 

35 

124 

1.283 

characteristic  frequency  at  735  cm"1,  and  the  bending  (double 
degenerate)  mode  i>2  with  frequency  i>2  «  480  cm*1.  These  group 
frequencies  (used  here  as  a  jargon  in  place  of  the  more  correct 
term  wavenumber)  change  characteristically  depending  on  the 
coordination  mode.  Specifically,  N-bonded  complexes  cause  an 
increase  of  P,,  P2  does  not  change,  and  P3  increases,  whereas 
S-bonded  complexes  show  a  larger  P,  increase  but  a  decrease  of 
both  P2  and  Pj,  both  being  more  diagnostic  than  t>,  in  determining 
the  bonding  end  of  the  anion.  However,  solvent  bands  often 
obscure  the  P2  and  p}  regions.  Previous  work10"13  has  established 
that  with  “hard"  poorly  polarizable  ions  as  Na*  and  Li*  the  ion 
pairs  contact  complexes  are  N-bonded  with  a  respective  increase 
of  ~  8  and  ~  1 5  cm"1  of  the  center-band  frequency  with  respect 
to  the  spectroscopically  free  (ion  and  outer-sphere  ion-paired) 
SCN“  anion. 

On  the  basis  of  the  above,  one  would  attribute  the  band  at 
=2057  cm'1  for  NaNCS  and  =2064  cm'1  for  LiNCS  in  THF 
(Table  I)  to  contact  ion  pairs.  No  free  ions  or  outer-sphere  ion 
pairs  are  detectable.  Indeed  both  these  species,  if  present,  would 
cause  the  appearance  of  an  additional  band  at  ~2050  cm'1,  which 
is  absent  for  the  present  systems.  In  past  work  in  this  laboratory15 
and  previously  by  Chabanel  et  al.12  the  band  at  ~2040  cm'1  has 
been  attributed  to  contact  dimer  ion  pairs  or  quadrupoles  (Na- 
NCS)2  and  (LiNCS)2. 

One  has  to  keep  in  mind  however  that  the  bands  at  2057  and 
2064  cm'1,  respectively,  could  also  be  accounted  for  by  solvent- 
separated  dimers  (NaNCS— NaNCS)2  and  (LiNCS— LiNCS)2 
which  would  be  spectroscopically  indistinguishable  from  the 
monomer  species  NaNCS  and  LiNCS. 


(11)  Gans.  P.  Vibrating  Molecules-,  Chapman  and  Hall:  London.  1971; 
Chapter  9. 

( 1 2)  Paoli,  D.;  Lucan,  M.;  Chabanel,  M  Spearochim.  Acta,  Pan  A  1978. 
34,  1087  and  previous  literature  quoted  therein. 

(13)  Saar,  D.;  Brauner.  J .;  Farber.  H.;  Petrucci,  S.  J.  Phys.  Chem.  1978, 
82.  545. 
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Figure  7.  Maximum  absorbances  vs.  concentration  of  the  Gaussian- 
Lorentzian  bands  for  sodium  thiocyanate  in  THF. 


Therefore,  for  instance  for  sodium  thiocyanate  solutions  any 
calculation  of  formation  constants  based  on  relations  as  /4%j7 

■  <p/cp  and  y4°2o*o  =  tq/c,  is  destined  to  fail  if  outer-sphere  dimers 
are  present.  In  the  above  ep  and  tq  are  the  extinction  coefficients 
or  molar  absorptivities  of  the  ion  pair  and  quadrupole,  respectively, 
c.  and  cq  the  corresponding  concentrations,  and  /  is  the  length  of 
the  cell.  In  other  words,  even  if  assumptions  as  2«p  =  «q  are  correct, 
the  calculated  Aq  =  cq/cp2  is  going  to  be  void  of  significance  if 
outer-sphere  dimers  are  present.  This  is  because,  in  this  case,  ,4*2040 
*  «qcq“"“t'  and  A°lmi  =  <p(Cp  +  Cq°“,mP',*re).  The  calculated  ATq 

■  cqCOTUC7  (cp  +  would  then  become  strongly  con¬ 

centration-dependent.  The  presence  of  solvent-separated  dimers 
is  consistent  with  the  results  of  the  ultrasonic  analysis  of  the  data 
given  below. 

The  small  bands  at  2074  and  2086  cm  '  respectively  for  sodium 
thiocyanate  and  lithium  thiocyanate  have  a  less  definite  inter¬ 
pretation  than  the  ones  for  the  other  two  bands  which  has  also 
been  confirmed  by  normal-coordinate  analysis.12  We  tentatively 
attribute  these  bands  at  2074  and  2086  cm-1  to  triple  ions  existing 
at  lower  concentration  than  the  other  species.  The  latter  is 
suggested  by  the  smallness  of  the  -4°’s. 

Because  of  the  above  considerations,  we  think  that  it  is  safe 
not  to  overextend  vibrational  spectrometry  beyotd  its  present 
capability  in  trying  to  calculate  formation  constants  at  low  per¬ 
mittivities  where,  because  of  electrostatic  forces,  a  larger  popu¬ 
lation  of  outer-sphere  dimers  may  exist.  The  same  warning  re¬ 
ferred  to  ion  pairs,  in  solvents  of  inter  ~  Jiate  permittivity,  was 
given  by  some  of  us  in  a  past  work.10  ihe  method  may  be  ap¬ 
proximately  correct  for  ion  pairs  in  aqueous  solutions  because  of 
its  large  permittivity,  although  even  in  this  case  for  metal(II) 
sulfates,  a  large  concentration  of  outer  species  ion  pair  appears 
to  exist.14  Accordingly,  we  have  only  calculated  the  concentration 
dependence  of  the  individual  maximum  absorbances  per  unit  length 
of  cells  /  by  fitting  the  data  to  cubic  polynomials  as  reported  below. 

For  sodium  thiocyanate  in  THF 

.4*2043/!  *  -0.31  +  603.1c  +  2187.5c2  -  8649c1;  r2  =  0.998 

4%,,//  *  0.1996  +  516.6c  +  483c2  -  4942c1;  r2  =  0.998 
A°K7t //  *  0.0131  -  56.34c  +  1195c2  -  2334c1;  r2  =  0.999 
For  lithium  thiocyanate  solutions  in  THF 

*  -0  0006  +  51.980c  +  379.80c2  -  285.95c1;  r2  <= 

0.99999 

■4%m/ /  *  -0.252  +  1610.7c  +  5395.9c2  +  13.490c1;  r2  = 

0.9987 

'f'lau/l  -  0.1 170  -  17.480c2  +  1254.4c2  -  3320.8c1;  r2  = 

0.9925 

(14)  Eigen,  M.;  De  Maeyer.  L.  In  Investigation  of  Rates  and  Mechanisms 
of  Reaction.  Wtmberger.  A  .  Ed  ;  Wiley:  New  York.  1962;  Vol.  VIII,  Part 

II 
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Figure  8.  Maximum  absorbances  vs.  concentration  of  the  Gaussian- 
Lorentzian  bands  for  lithium  thiocyanate  in  THF. 


The  above  expressions  have  been  calculated  by  nonlinear  regression 
giving  50%  statistical  weight  to  the  origin.  It  is  noteworthy  that 
the  bands  at  2043  and  2065  cm'1  for  sodium  thiocyanate  and 
lithium  thiocyanate  solutions  may  also  be  expressed  as  simple 
linear  functions  of  c  with  an  almost  comparable  determination 
coefficient  r2  (dashed  lines  in  Figures  7  and  8). 

For  sodium  thiocyanate  in  THF 

,4*2043 /f  *  -0.34  +  714.2c;  r2  =  0.997 
For  lithium  thiocyanate  in  THF 

,4*2065 //  *  3.08  +  1 11.1c;  r2  =  0.9948 

From  the  analysis  of  the  IR  spectra  it  would  appear  therefore 
that  contact  dimers  are  the  dominant  species  for  sodium  thio¬ 
cyanate  in  THF  with  an  almost  comparable  amount  of 
“spectroscopically”  free  monomers  (free  ion  pairs  and  outer-sphere 
dimers).  On  the  contrary  for  lithium  thiocyanate  in  THF,  the 
latter  two  species  appear  as  the  dominant  species.  This  is  in  line 
with  the  relative  solvation  tendencies  of  Li+  vs.  Na+  ions. 

(6)  Ultrasonic  Spectra.  The  ultrasonic  spectra  and  the  data 
collected  in  Table  II  for  sodium  thiocyanate  in  THF  can  now  be 
interpreted  on  the  basis  of  the  structural  information  gathered 
through  the  IR  spectra.  Simple  concentration  distribution  cal¬ 
culations  of  the  various  species  present  in  THF  with  reasonable 
formation  constant  parameters  as  Ap  =  108  M'1,  Kr  =  102  M'1, 
and  AT,  =  10  M'1  (for  the  ion  pair,  triple,  and  quadruple  formation 
constants)  reveal  that  in  the  concentration  range  0.05-0.2  M  the 
ion  pair  and  quadrupole  concentrations  are  of  the  same  order  of 
magnitude  but  that  cp,cq  »  cT,  the  triple  ion  concentration. 

It  is  therefore  unlikely  that  the  source  of  any  of  the  two  Debye 
relaxation  processes  be  due  to  equilibria  involving  triple  ions. 
Accordingly,  we  have  interpreted  the  ultrasonic  relaxation  spectra 
for  sodium  thiocyanate  in  THF  according  to  the  two-step  di¬ 
merization  equilibrium 

2AB  AB -AB  (AB)2 

where  AB  =  NaNCS,  AB-AB  =  NaNCS—NaNCS,  and  (AB)2 
=  (NaNCS)2.  The  above  leads'1  to  two  relaxation  times  t,  and 
t ||,  where 

Tuf'  *  V2[S  ±  (S2  -  4P),/2] 

S  =  Tf'  +  T||_l  =  4fc,(AB)  +  k  k2  +  ic  2 

P  =  rf'r  =  4Ar,(AB)(Ar2  +  *_2)  + 

Tf 1  =  2*/„  T,f 1  =  2  r/„ 

Assuming  as  a  first  approximation  AB  =  c,  the  stoichiometric 
concentration.  Figure  9,  A  and  B  has  been  constructed.  Linear 

(15>  Dclsignore.  M.;  Maaser.  H  ;  Petrucci,  S  J.  Phvs.  Chem.  1*M.  89, 
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Figure  9.  (A)  S  +  r,,  ')  vs.  c  for  sodium  thiocyanate  in  THF  at 
25  °C.  (B)  P  (■rf'rif1)  vs.  c  for  sodium  thiocyanate  in  THF  at  t  =  25 
“C. 


TABLE  III:  Rate  Constants  and  Equilibrium  Constants*  for  the 
Dimerization  of  NaSCN  in  THF  according  to  the  Scheme 


2NaSCN===i(NaNCS-NaNCS)===(NaNCS)2 

*  -i 


M  '  s-' 
yt_,  s_l 
Ku  M'1 
k2,  s'1 


3.4,  X  10* 
2.1,  X  10» 
1.6 

1.3,  X  10* 


*_2.  s’1  =  8.7  X  10* 

K}  =  15., 

*,  =  *,(1  +  K2),  M'1  -  26., 

*lst  app.  (NaNCS)  =  c. 


regression  of  S  vs.  c  gives  slope  =  1 .37  X  109,  intercept  =  3.55 
X  10s,  and  r2  =  0.96.  Linear  regression  of  P  vs.  c  gives  slope' 
=  1.94  X  1017,  intercept'  *  1.86  X  1015,  and  r2  =  0.94,  from  which 
the  four  kinetic  rate  constants  kt,  L,,  k2,  and  k_2,  the  formation 
constants  A,  *  kfk„ ,  and  K2  *  k2/k.2,  and  the  dimerization 
constant  A,  =  A, (I  -6  A2)  have  been  calculated  (Table  HI). 

A  second  approximation  has  been  performed  by  using  A,  =  26 
NT1  to  calculate  cp  =  (AB). 

The  new  sequence  gives  slope  *  6.74  x  109.,  intercept  =  2.62 
X  10s,  and  r2  »  0.93  for  S  vs.  <r,  but  slope7  *  9.49  X  1017,  intercept' 
=  0,  and  r2  *  0.90  for  P  vs.  c,  making  impossible  further  progress 
without  a  reliable  Figure  for  A„. 

For  lithium  thiocyanate  in  THF,  a  single  Debye  process  suffices 
to  interpret  the  ultrasonic  relaxation  data.  The  infrared  data 
indicate  that  the  contact  species  (LiNCS)2  are  in  minor  con¬ 
centration  (as  well  as  the  assigned  triple  ion  species),  the  major 
species  being  the  "spectroscopically  free*  LiNCS  pair.  The  latter 
maybe  a  combination  of  LiNCS  and  (LiNCS— LiNCS)  species. 

Consequently  we  have  interpreted  the  ultrasonic  spectra  for 
lithium  thiocyanate  in  THF  as  due  to  the  process 

2LiNCS  (LiNCS-LiNCS)  (IV) 

where  the  product  of  the  reaction  maybe  mainly  (LiNCS-LiNCS) 


with  a  minor  percentage  of  contact  (LiNCS)2.  Both  species  will 
be  symbolized  here  as  (LiNCS-LiNCS).  Notice  in  fact  from 
Table  II  that  the  visible  relaxation  frequency  for  lithium  thio¬ 
cyanate  solutions  0.1  M  (f,  =  60  MHz)  is  comparable  with  /,  = 
70  MHz  for  0.1  M  sodium  thiocyanate  solutions,  whereas /„  = 
7  MHz.  Scheme  IV  leads  to  the  relation16 

r-'  =  4MLiNCS)  +  k,  =  4*KAB)  +  k,  (V) 

with 

(AB)j 

K,  =  — —  *  kf/k,\  (AB)2=  (LiNCS-LiNCS) 

(AB)2 

In  the  zeroth  approximation  (AB)  =  c,  linear  regression  of  r~' 
vs.  c  gives  r2  *  0.97,  slope  -  1.96  x  109,  and  intercept  =  1.85 
X  10s,  from  which  one  calculates  kt  =  4.9  X  10s  M~'  s'1,  k,  - 
1.8,  X  10s  s'1,  and  A,  «  2.6S  M'1  (Figure  10). 

A  series  of  successive  approximations  is  started  with  the  initial 
A,  =  2.6,  M'1.  After  seven  approximations  convergence  is  ob¬ 
tained  with  K 1  =  6.6  M“\  k ,  =  9.9  X  10s  M'1  s'1,  and  kx  =  1.5 
X  10s  s'1. 

Notice  that  the  zeroth  approximation  k,  =  4.9  X  10s  M'1  s'1 
is  comparable  with  the  value  of  kt  =  3.4  X  10s  M'1  s'1  calculated 
for  sodium  thiocyanate  in  THF,  reinforcing  the  above  interpre¬ 
tation  of  the  ultrasonic  relaxation  of  lithium  thiocyanate  leading 
mainly  to  outer-sphere  dimers. 

Conclusions 

The  combination  of  vibrational  spectrometry  and  ultrasonic 
spectrometry  in  electrolyte  solutions  of  low  permittivity  leads  to 
complementary  information  of  invaluable  importance  in  the  in¬ 
terpretation  of  the  relaxation  spectra  by  ultrasonics.  Instead  of 
guessing  the  species  participating  in  the  chemical  equilibria  being 
disturbs!  by  the  sound  wave,  one  has  indicatio  of  their  presence 
by  infrared  spectra  in  a  comparable  concentration  range.  On  the 
other  hand,  as  in  any  other  method,  vibrational  spectra  seem  to 
have  limitations  in  their  apparent  inability  to  distinguish  between 
“free  species*  and  "solvent-separated  species”  leading  to  inter¬ 
pretation  errors  if  one  ignores  the  possible  presence  of  the  latter 
ones. 

Work  is  now  in  progress  with  other  lithium  electrolytes  more 
likely  to  be  employed  in  solutions  used  for  battery  construction. 
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Infrared  spectra  in  the  2100-2000-cm'1  frequency  range  for  NaSCN  +  18C6  in  THF,  related  to  the  “CN  stretch"  of  the 
SON"  ion,  reveal  dramatic  differences  when  compared  to  similar  spectra  obtained  without  addition  of  the  macrocycle.  A 
single  Gaussian-Lorentzian  band  centered  at  ~2060  cm'1  suffices  to  describe  quantitatively  the  spectra  at  variance  with 
NaSCN  in  THF,  requiring  three  bands  as  reported  also  previously.  Similarly  dramatic  differences  are  also  found  in  the 
dielectric  spectra.  The  Bottcher  plots  are  drastically  different  when  the  macrocycle  is  present.  Both  these  results  are  quantitatively 
interpreted  by  the  crown  ether  completing  the  cation.  Whereas  the  ion  pairs  of  Na+  with  ~NCS  persist,  the  large  population 
of  dimers  or  quadruples  in  the  absence  of  the  macrocycle  is  disrupted  by  the  latter. 


Introduction 

It  is  well-known  that  interaction  of  electromagnetic  waves  with 
liquid  solutions  may  yield  different  information  depending  on  the 
frequency  band,  or  energy  employed.  Thus  microwaves,  in  the 
frequency  range  0.1  to  100  GHz  (10®  to  10"  Hz),  may  cause  the 
rotational  relaxation  of  complex  dipolar  species  of  the  solute  as 
well  as  of  the  solvent  dipoles  (at  higher  frequencies  than  the  former 
ones).1  Similarly,  infrared  radiation  in  the  wavenumber  range 
4000  to  200  cm'1  ( I014  to  6  X  I01’  Hz)  may  be  selectively  absorbed 
at  frequencies  corresponding  to  various  intermolecular  and  in¬ 
tramolecular  vibrations.2  These  may  range  from  intermolecular 
vibrations  of  cations  rattling  against  their  solvation  cages  to 
polyatomic  anion  intramolecular  vibrations.  As  these  vibrations 
are  sensitive  to  molecular  neighbors  in  contact,  infrared  spec¬ 
troscopy  is  a  powerful  tool  for  a  diagnostic  structural  analysis  of 
the  species  in  solution.  Information  from  vibrational  spectra  may 
be  of  fundamental  importance  for  the  interpretation  of  the  mi¬ 
crowave  rotational  spectra. 

To  the  knowledge  of  the  authors,  the  above  combination  of 
techniques  has  never  been  applied  to  the  study  of  macrocyclic 
complexes  with  alkali  metal  ions  in  solutions  of  low  permittivity. 
In  the  present  first  such  study  by  microwave  dielectric  relaxation 
and  infrared  spectrometry  the  system  NaSCN  +  1 8C6  in  the 
solvent  tetrahydrofuran  is  reported. 

Experimental  Section 

Infrared  spectra  were  recorded  by  a  Perkin-Elmer  983G 
spectrophotometer  equipped  with  demountable  cells  with  CaF2 
or  NaCI  windows  as  described  previously.3  Teflon  spacers  0.05 
mm  thick  were  employed.  The  cells  were  calibrated  by  the  fringe 
method  before  each  run.  The  spectrometer  prints  the  values  of 
“peaks'  in  terms  of  their  wavenumbers.  These  figures  were  em¬ 
ployed  in  a  linear  regression  calculation  to  give  the  average 
wavenumber  difference  between  neighboring  fringes.  From  this, 
the  cell  thickness  /  was  calculated.  The  spectrometer  also  displays 
wavenumber  and  absorbance,  from  the  memory  of  a  recorded 
spectrum,  by  moving  a  cursor  stepwise.  These  values  were  re- 


'  University  of  Utah.  Department  of  Chemistry,  Henry  Eyring  Building. 
Salt  Lake  City.  LT  84112. 


corded  and  used  for  the  deconvolution  of  the  digitized  spectra  in 
terms  of  a  Gaussian-Lorentzian  band,  as  described  below. 
Manually  digitized  spectra,  from  recorded  plots  given  by  the 
spectrometer,  gave  results  identical  with  the  automatically  digitized 
spectra.  The  latter,  however,  were  superior  in  terms  of  the  number 
of  decimals  that  were  otherwise  unreadable  from  the  plots.  The 
electronics  and  cells  of  the  microwave  spectrometers  were  described 
previously.4  For  the  data  capturing,  however,  the  dielectric 
spectrometers  have  now  been  automated,  both  in  terms  of  the 
reflector  distance  from  the  window  and  of  the  reflected  powers 
as  follows: 

A  Mitutoyo  digimatic  indicator.  Model  543-425  (precision  ± 
0.0001  in)  is  connected  through  a  multiplexer  Mux- 10  and 
Hewlett-Packard  S-232  interface  to  an  85  Hewlett-Packard 
computer.  The  data  are  transferred  to  the  computer  by  pressing 
a  foot  switch  (Mitutoyo  937179)  connected  to  the  “external  load" 
terminal  of  the  Mux- 10  multiplexer. 

Similarly  the  voltage  readings  (from  the  1000-Hz  modulated, 
reflected  voltage  sensed  by  a  crystal  detector)  of  the  HP-3468A 
digital  voltmeter  are  transferred  via  a  HP-IL  interface  loop  to 
the  same  HP-85  computer  (HP-82938A-IL  interface).  A  thermal 
printer  (82162A)  that  is  part  of  the  lL-loop  collects  both  sets  of 
data,  namely  lengths  and  voltages.  A  simple  program  has  been 
written,  which  allows  for  the  simultaneous  recording  of  the  dis¬ 
tances  from  the  indicator  and  of  the  logarithm  of  the  voltages  from 
the  voltmeter,  the  results  being  given  as  a  hard  copy  from  the 
printer.  The  authors  believe  that  the  program  offered  by  Mitutoyo 
Co.5  with  the  indicator  and  multiplexer  is  unnecessary  for  the 
present  purpose.  The  present  program  will  be  sent  to  the  interested 
reader  upon  request. 

The  macrocycle  18C6  (Aldrich)  was  recrystallized  from  ace¬ 
tonitrile  from  which  it  precipitates  forming  a  weak  adduct.  Pure 


( 1 )  Davies.  M.  In  Dielectric  Properties  and  Molecular  Behavior.  Hill,  N„ 
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Figure  1.  A.  Representative  infrared  spectrum  of  the  “CN  stretch’  of 
NaNCS  in  THF.  B.  Representative  infrared  spectrum  of  the  “CN 
stretch’  of  NaNCS  +  I8C6  (R  at  I)  in  THF. 


18C6  can  then  be  obtained  by  exposure  of  the  material  to  vacuum 
for  a  few  hours.  NaSCN  (Aldrich)  was  redried  in  vacuo  (  — I 
Torr)  at  —60  °C  overnight.  THF  (ACS)  was  dried  over  predried 
molecular  sieves  for  about  I  week.  Absence  of  water  was  checked 
by  IR  spectroscopy  in  the  region  3500-3100  cm'1  with  a  983G 
Perkin-Elmer  spectrometer  set  at  high  resolution  full  scale  ab¬ 
sorbance  as  done  before.3  No  trace  of  a  water  band  at  —3300 
cm"1  was  visible  in  contrast  with  the  original  product  before 
exposure  to  molecular  sieves.  The  solutions  were  prepared  by 
drying  NaSCN  directly  in  volumetric  flasks  at  60  °C  in  vacuo 
overnight,  adding  the  crown  ether  and  exposing  to  vacuum  at  room 
temperature  overnight,  followed  by  addition  of  THF  to  the  weighed 
flask  up  to  the  volume  mark. 

Results 

Figure  1A  reports  a  representative  infrared  spectrum  in  the 
frequency  range  2100-2000  cm-1  of  sodium  thiocyanate  in  THF. 
Figure  I B  reports  a  similar  spectrum  of  NaSCN  +  1 8C6  in  THF 
in  the  molar  ratio  R  **  (I8C6J/[NCS'1  si.  It  is  obvious  that 
dramatic  differences  occur.  The  satellite  band  at  —2074  cm'1. 
attributed  to  the  triple  ions,3  and  the  band  at  —2043  cm"1,  at¬ 
tributed3  to  dimers  or  quadrupoles  (NaNCS)j.  have  disappeared 
upon  addition  of  I8C6.  A  single  band  at  —2060  cm'1,  attributable 
to  contact  ion  pairs  NaC,  NCS,  is  visible.  [This  band  in  the 
absence  of  the  macrocycle  appears  at  —2057  cm''.l  Free  ions 
NCS  (or  solvent  separated  NaC+~NCS"  species,  spectroscopically 
indistinguishable  from  NCS  )  would  show  a  band  at  —2050  cm'1. 


Figure  2.  Digitized  infrared  spectrum  for  the  system  0.231  M  NaSCN 
+  0.231  M  18C6  in  THF.  The  solid  line  is  the  Gaussian-Lorentzian 
function  (I)  with  parameters  A0  =  1.103,  v0  *  2061  cm'1,  (Av)^  =  15.5 
cm'1. 


Figure  3.  A.  (A0/l),  the  maximum  absorbance  per  unit  length  of  cell.  1 

vs.  the  electrolyte  concentration  of  NaSCN  +  18C6  in  THF.  B.  M0//|  i 

vs.  Cp  =  ( I  -  n,)C,  the  ion  pair  concentration,  where  «,  has  been  eval-  t 

uated  with  A,  =  0.7  M'1.  • 

Figure  2  reports  a  digitized  spectrum  for  the  system  NaSCN 
+  1 8C6  in  THF.  The  solid  line  corresponds  to  the  interpretation  i 

of  the  spectrum  by  a  single  Gaussian-Lorentzian  function3  J 


in 


centered  at  the  wavenumber  t>0  as  2060  cm1.  Aa  is  the  ordinate 
or  maximum  absorbance  at  i>0.  a  is  the  variance  rr  =  ( A>-),  -/ 1 .46, 
where  (A i>,  ;)  is  the  width  of  the  band  at  A0/ 2. 


. A*  «*■* ««** A* A*  Jt*  >» «‘  A*  Jt\ t«  A  A  j  ->J 


Macrocycle-Electrolyte  Complexes 


TABLE  I:  Calculated  Parameters  4*  v*  aad  (*3v)|/2  for  All  the 
NaSCN  +  18C6  Solutions  in  THF  Investigated  by  Infrared 
Spectrometry  according  to  the  Gaussian-Lorentxian  Function:" 


(.»  ~  t-o)2 


/,  mm 

Cn«scn. 

M 

c  UC6- 

M 

^0 

"0* 

cm"1 

cm"' 

Cp.  M 

0.0611 

0.05292 

0.05480 

0.331 

2060 

14 

0.0469 

0.0607 

0.07046 

0.0704 

0.430 

2060 

14 

0.0604 

0.0628 

0.1015 

0  1016 

0.607 

2060 

14 

0.0827 

0.0586 

0.121 

0.128 

0.664 

2060 

14 

0.0955 

0.0597 

0.152 

0.144 

0.828 

2060 

14.5 

0.115 

0.0517 

0.182 

0.185 

0.826 

2060 

14.5 

0.133 

0.0590 

0.203 

0.215 

1.008 

2060 

14.5 

0.145 

0.0608 

0.208 

0.210 

1.058 

2060 

14.5 

0.148 

0.0592 

0.231 

0.231 

1.103 

2061 

15.5 

0.160 

*'  4(1  -aa)2C 
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"/is  the  cell  length  expressed  in  mm.  Cp  =  (1  -  cr,)C,  where  A.  = 
0.69  =  a,/ [4(1  -  «,)2C].  (A0/l)  =  0.0279  +  1055.5C  -  762.1  C  - 
137I.0C3  by  nonlinear  regression  with  50%  statistical  weight  to  the 
origin;  r1  =  0.9999.  (A0/l)  -  -0.0226  +  1 181.0(1  -  a,)C  =  -0.0226  + 
1 181.0CP  by  linear  regression  with  50%  statistical  weight  to  the  origin; 
r 2  =  0.9997.  In  the  above  functions  (A0/l),  I  is  expressed  in  cm. 


Table  I  reports  the  calculated  parameters  A0,  v0,  and  (Av)y2 
for  all  the  concentrations  of  electrolyte  and  18C6  investigated  in 
THF.  The  fit  has  been  achieved  by  a  computer  calculation  which 
minimizes  the  quantity:  2Z„|/lc*k’<l  -  4"ptl|. 

Table  1  also  reports  the  optical  length  of  the  infrared  cells,  I 
(mm),  calibrated  before  each  experiment.  Figure  3  reports  the 
quantity  A0/l,  the  absorbance  per  unit  length  of  1R  cell  plotted 
vs.  the  total  electrolyte  concentration  C.  A  slight  curvature  occurs. 
This  indicates  that,  although  species  such  as  (NaNCSNa)+  and 
(NaNCS)2  present  in  the  system  sodium  thiocyanate  in  THF  have 
been  disrupted  by  the  crown  ether,  the  simplistic  interpretation 
of  the  spectrum  as  corresponding  to  the  function 

A0/l  -  «pCp  at  tpC  (2) 

(with  tp  the  extinction  coefficient  or  molar  absorptivity  of  the 
contact  pair  NaC+,  NCS)  does  not  suffice  to  interpret  the 
spectrum. 

As  only  one  band  is  observable,  we  advance  the  hypothesis  that 
some  dimers  (NaC,  NCS)2  exist  in  small  concentration,  sufficient 
to  cause  the  curvature  in  the  A0/l  vs.  C  plot.  A  calculation  has 
been  attempted  according  to  the  scheme: 

2NaC,NCS  ^  (NaC,NCS)2  (3) 

2(1 -a, 1C  o,C 


calculating,  by  trial  and  error,  the  best  Kq  which  gives  a  linear 
plot  of  (A0/l)  vs.  (1  -  aq)C  =  Cp  with  the  determination  coefficient 
r2  closest  to  unity  and  intercept  closest  to  zero.  The  fit  is  shown 
in  Figure  3  which  corresponds  to  Kq  =  0.7  M'1.  One  ought  to 
realize,  however,  that,  even  if  the  rationalization  of  the  curvature 
of  Mo//)  vs-  C  is  correct,  the  value  of  Kq  is  very  tentative.  The 
linearization  of  the  (A0/l)  vs.  (1  -  aq)C  =  Cp  plot  is  not  a  very 
sensitive  procedure. 

Another  serious  objection  could  be  voiced  against  eq  3.  It 
implicitly  ignores  the  possible  presence  of  solvent-separated  dimers 
of  the  type  NaC,  NCS— NaC,  NCS.  This  would  imply  an  al¬ 
ternative  scheme  of  dimerization 

2NaC,NCS  ^  NaC,NCS-NaC,NCS  m  (NaC,NCS)2  (3a) 
c,  C j  <1 

Equation  3a  would  carry  as  a  consequence  the  fact  that  A0/l  would 
account  for  both  NaC, NCS  and  NaC, NCS— NaC, NCS  which 
are  indistinguishable  spectroscopically  and  that 

C:  +  Cs 
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Figure  4.  A.  Coefficient  of  the  real  part  of  the  complex  permittivity  «' 
vs.  frequency  /for  NaSCN  +  I8C6  in  THF.  B.  Coefficient  of  the 
imaginary  part  of  the  complex  permittivity  </'  =  -  f,"  vs.  the  fre¬ 
quency /.  =  1.8  x  1012  x//:  X  *s  the  specific  conductivity.  C. 

Cole-Cole  plot, «/'  vs.  «'  at  i  -  25  °C. 


instead  of  the  one  we  have  calculated  which  implies  C2  =  0.  This 
objection  has  already  been  spelled  out  before3  in  evaluating  Kq  s 
obtained  from  vibrational  spectrometry. 

In  the  present  case,  however,  it  is  likely  that  C2  ~  0  and  that 
Mo//)  reflects  only  the  contribution  of  Cj  because  a  single  value 
of  Afq  =  0.7  is  able  to  linearize  the  plot  M„//)  vs.  C.  Were  the 
C2  values  different  from  zero  a  significant  change  of  Kq  with  C 
in  order  to  linearize  the  M0//)  vs.  Cp  plot  would  have  been 
necessary,  having  retained  eq  3. 

Figure  4  shows  a  representative  plot4  of  the  coefficient  of  the 
real  part  of  the  complex  permittivity  s’  vs.  the  frequency  /.  A  plot 
of  the  coefficient  of  the  imaginary  part  of  the  complex  permittivity 
t",  corrected  by  the  conductance  AXO'1  cm'1),  =  [«"  -  (1.8 

x  1012)//],  vs.  the  frequency /is  also  shown.4  In  the  above  the 
complex  permittivity  is  t*  =  «'  -  Jt". 

In  Figure  4,  for  the  same  system,  NaSCN  +  18C6  in  THF, 
the  Cole-Cole  plot1  of  «"d  vs.  *'  is  reported.  The  solid  lines  in 
Figure  4  correspond  to  the  sum  of  the  two  Debye  processes, 
according  to  the  function: 


<  d  -  (*o  -  c«.) - :  +  (<®,  -  - - 

'i +  (///,)=  1  !’\  +  (//fi)2 


Table  II  reports  the  calculated  parameters  and /2 


b 
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TABLE  II:  Calculated  Parameters  t*  f„  and  f2  and 

Measured  Specific  Coaductance  %  cm"1)  for  All  the  Systems 

NaSCN  +  I8C6  and  NaSCN  Investigated  in  THF  at  25  °C  by 
Dielectric  Spectrometry 


Cn»SCN- 

M 

ClJC6. 

M 

<0 

t., 

GHz 

h. 

GHz 

X.fT1 

cm"1 

NaSCN  +  18C6  in  THF 

0.0529 

0.0541 

8.7 

7.2 

2.7 

1 

55 

9.7,  x 

10"! 

0.104 

0.105 

9.7 

7.2 

2.7 

1 

55 

2.42  X 

10-4 

0.15 

0.14 

10.8 

7.2 

2.7 

1 

55 

3.5,  x 

I0-* 

NaSCN  in  THF 

0.10 

8.3 

7.3 

2.4, 

2 

60 

1.8,  X 

I0"5 

0.152 

8.5 

7.3 

2.5 

2 

60 

2.96  X 

10-’ 

0.1 9j 

8.8 

7.3 

2.5 

2 

60 

4.02  X 

10-5 

Figure  5.  A.  Coefficient  of  the  real  part  of  the  complex  permittivity  «' 
vs.  frequency  for  NaSCN  in  THF;  r  =  25  °C.  B.  Coefficient  of  the 
imaginary  part  of  the  complex  permittivity  tf  =  t"  -  vs.  frequency 
at  t  =  25  “C.  C.  Cole-Cole  plot,  <d"  vs.  <'  at  r  =  25  °C. 

and  the  measured  specific  conductance  x  for  all  the  systems 
NaSCN  +  18C6  investigated  in  THF  at  25  #C.  The  fit  of  eq 
4  to  the  data  has  been  achieved  by  minimizing  the  summation: 

^1*  ci led  ~~  *  ctplll  I*  ealed  —  *  tiptll 

From  the  position  of  the  dielectric  relaxation  at  high  frequency 
and  from  comparison  with  previous  work,6  we  attribute  the  re¬ 
laxation  at  high  frequency  to  the  solvent.  The  lower  relaxation, 
absent  in  the  case  of  the  solvent,  is  attributed  to  the  solute  complex 
dipole  NaC+,  NCS'.  In  order  to  draw  a  parallel  with  the  infrared 
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Figure  6.  A.  Relaxation  strength  (<0  -  c.,)  vs.  electrolyte  concentration 
C  for  the  systems  NaSCN  +  18C6  and  NaSCN  in  THF  at  t  =  25  °C. 
B.  Bottcher  plot  <Hi)  =  (e0  -  c.,)[(2(0  +  I  )/3«oJ  vs.  Cp  “  ( I  -  oq)C for 
NaSCN  +  18C6  in  THF  at  l  =  25  °C. 


research  reported  above,  dielectric  spectra  of  the  system  NaSCN 
in  THF  have  also  been  recorded. 

Figure  5A  shows  a  representative  plot  of  «'  vs  /,  Figure  5B  of 
vs./,  and  Figure  5C  of  t"*  vs. «'  for  NaSCN  in  THF.  The 
solid  lines  are  the  fitted  functions  (eq  4),  according  to  the  sum 
of  two  Debye  relaxation  processes. 

Table  (I  reports  the  calculated  dielectric  parameters  for  all  the 
NaSCN  solutions  investigated  in  THF. 

Figure  6  reports  the  “relaxation  strength'  (<0  -  <«,)  for  the 
relaxation  due  to  the  solute  at  lower  frequency  (1  and  2  GHz, 
respectively)  for  NaSCN  +  I8C6  and  NaSCN  in  THF  at  25  °C. 
A  dramatic  difference  is  noticeable. 

Figure  6B  reports  the  Bottcher  plot7 


♦(<)  =  (<o  -  ».,) 


2to  +  1 

3e0 


4t L  X  IQ"3  M2 
(I  -  af)1  3 *rCp 


(5) 


where  the  polarizability  a  and  internal  field  factor / term1-*  (I 
-  af)1  has  been  approximated  to  unity.  The  ion-pair  concentration 
C.  =  (I  -  <Yq)Chas  been  calculated  by  using  the  value  kq  *  0.7 
M1.  obtained  from  the  IR  spectra  above.  Linear  regression  of 
♦(e)  vs.  Cp  (50%  statistical  weight  to  the  origin)  gives  Intercept 
=  0.002,  slope  21.67,  r1  =  0.999,  from  which  u  -  18.8  X  10'18 
esu  cm.  Here  we  have  taken  a  rigid  sphere  model,  u  «=  aje,  and 
a„  =  3.9  X  I0"8  cm,  the  charge-to-charge  separation  distance  in 
the  ion  pair. 

Unfortunately  a  similar  calculation  is  not  feasabie  for  the 
NaSCN  system  in  THF  due  to  the  unknown  value  of  X,  and  the 


(6)  Saar.  D.;  Brauncr.  J.;  Farber,  H.;  Pctrucci.  S.  J.  Phys  Chem.  1978, 
82,  1943 


(7)  Bottcher.  C.  F.  t  heory  of  Electrical  Polarization.  Elsevier:  Amster¬ 
dam.  1973 

(8)  Farber.  H  ;  Petrucci.  S  J  Phys.  Chem  1975.  79.  1221.  1976. 80.  327. 


evidence  from  IR  spectra  (Figure  1  A)  that  a  large  proportion  of 
the  electrolyte  exists  as  dimers.  If  the  latter  are  apolar  (<0  -  <«.) 
will  reflect  only  the  Cp  contribution  to  the  polarization  of  the 
solution.  More  information  can,  however,  be  extracted  from  the 
relaxation  frequencies  /,.  By  neglecting  differences  between  the 
microscopic  relaxation  time  r'  =  [4*a,3 /(kT)\i\  (according  to 
Debye)  and  the  decay  time  of  the  solute  polarization  r  =  (2jr/,)‘', 
by  retaining  the  solvent  viscosity  tj  =  0.0046  P,9  one  calculates 
for  the  system  NaSCN  +  18C6  in  THF  a  rotational  radius  of 
the  ion  pair  NaC+,  NCS"  that  is  a,  —  4.8  X  10~8  cm,  given  t  = 
1 59.2  ps.  This  figure  is  comparable  to  =  3.9  X  10-8  cm  obtained 
above,  when  one  recalls  that  a,,  reflects  the  charge-to-charge 
separation  and  ar  the  diffusional  rotation  radius  of  the  solvated 
complex.6  For  NaSCN  in  THF  r  =  79.6  ps,  a ,  =  3.8  X  10“8  cm, 
reflecting  the  less  bulky  rotating  entity  in  the  absence  of  the 
coordinated  crown  ether.  As  remarked  above,  no  inferences  can 
be  drawn  for  given  a  lack  of  knowledge  of  A',  for  NaSCN  in 
THF. 

Conclusions 

The  combination  of  a  structural  tool  such  as  IR  spectrometry 
with  a  dynamic  one  such  as  microwave  dielectric  relaxation  gives 

(9)  Metz,  D.  J.;  Glines,  A.  J  Phys.  Chem.  1*67,  71,  1 1 58.  Kuss,  E.  Z. 
Angew  Phys.  1*65,  7.  376. 


a  more  complete  insight  to  the  nature  of  the  macrocycle  electrolyte 
complex  than  is  possible  with  either  of  the  two  separate  methods. 
The  infrared  method,  by  detecting  a  vibrating  entity  or  its  change 
due  to  different  environments,  is  somewhat  faster  than  the  mi¬ 
crowave  dielectric  method  which  detects  the  rotation  of  the  dipolar 
species  in  solution.  This  is  indeed  an  advantage  for  the  analysis 
of  the  rotating  species,  as  they  cannot  escape  detection  by  a  parallel 
probing  of  their  existence  by  infrared  analysis,  in  a  comparable 
concentration  range. 

The  present  study  confirms  these  considerations,  giving  com¬ 
plementary  and  dramatic  evidence  of  the  effect  of  the  addition 
of  a  macrocycle  such  as  18C6  to  an  electrolyte  such  as  NaSCN 
in  THF. 

Extension  of  the  above  studies  to  solutions  of  lithium  salts  which 
are  relevant  to  the  construction  of  secondary  lithium  batteries  is 
presently  underway. 
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Electrical  conductance  data  in  the  temperature  range  +25  to  -35  °C,  when  analyzed  by  the  Fuoss-Kraus  triple-ion  theory 
of  conductance,  reveal  the  presence  of  both  ion  pairs  and  triple  ions.  Formation  constants  Kp  and  Ky,  at  various  temperatures 
for  ion  pairs  and  triple  ions,  respectively,  have  been  determined.  These  figures  are  compared  with  values  calculated  by  the 
Bjerrum  theory  of  ion-pair  formation  and  by  the  Delsignore-Bjerrum  theory  for  formation  of  triple  ions,  respectively.  Evidence 
of  the  presence  of  triple  ions  persists  (with  the  formation  constant  Rj  somewhat  increased)  by  allowing  for  measured  changes 
of  solvent  permittivity  with  concentration  of  electrolyte.  An  analysis  of  the  data  at  t  =  25  °C,  by  retaining  the  solution 
permittivities  but  excluding  triple  ions,  has  been  attempted  with  fair  results,  if  the  values  of  Kp  are  allowed  to  change  with 
concentration,  namely,  with  permittivity.  Ultrasonic  relaxation  spectra,  in  the  concentration  range  0.1  -0.4  M  of  LiAsF6 
and  in  the  frequency  range  0.5-400  MHz  at  15  and  5  °C  in  2-methyltetrahydrofuran  (2-MeTHF),  are  reported.  The  results, 
combined  with  previous  data  at  25  °C,  are  interpreted  as  due  to  ion-pair  dimerization.  The  forward  and  reverse  rate  constants 
and  activation  parameters  AH'  and  AS*  are  reported  together  with  the  values  of  the  dimerization  constants  A,  at  various 
T’s.  The  figures  for  A,  are  compared  to  the  values  calculated  by  the  Maaser-Bjerrum  dimerization  theory  of  ion-pair  formation, 
giving  pair  to  pair  approach  distances  suggesting  solvent-separated  dimers.  Infrared  spectra  in  the  r,  band  envelope  of  the 
AsFt~  ion,  in  the  concentration  range  0.05-0.8  M,  reveal  the  presence  of  three  separate  bands.  The  spectral  envelope  was 
deconvolved  by  three  Gaussian-Lorentzian  product  functions  centered  at  ~7I6,  ~702,  and  ~675  cm'1.  The  band  at  ~702 
cm"1  is  interpreted  as  due  to  “spectroscopically  free"  AsF6\  namely,  as  due  to  solvent-separated  ion  pairs  and/or  solvent-separated 
dimers.  The  band  at  ~716cm"'  is  interpreted  as  due  to  contact  ion  pairs,  based  on  collateral  evidence  in  1 ,2-dimethoxyethane 
(1,2-DME).  The  band  at  ~675  cm'1,  according  to  literature  evaluations  of  the  AsF6"  Raman  and  infrared  spectra,  is  due 
to  combination  bands. 


Introduction 

Knowledge  of  the  extent  of  association  of  electrolyte  solutions, 
and  the  type,  structure,  and  lifetime  of  the  complex  species  in 
solutions  used  in  secondary  Li  battery  construction,  is  relevant 
information  for  electrochemists.  The  information  becomes  of 
paramount  importance,  in  order  to  ascertain  causes  of  battery 
failure  when  these  units  are  subjected  to  low  temperature  as  in 
stratospheric  or  subarctic  conditions.  Theoretically,  there  is  need 
of  knowledge  but  scarcity  of  data  with  regard  to  the  lifetime  and 
to  the  structure  of  complexes  in  media  of  low  permittivity.  By 
changing  temperature,  the  permittivity  changes  without  concom¬ 
itant  large  changes  in  donor  number  of  solvent  or  other  factors 
which  occur  in  the  usual  isothermal  studies  in  mixed  solvents  of 
various  compositions.  Therefore,  in  order  to  isolate  electrostatic 
long-range  effects  in  ionic  association  of  various  species  (without 
obscuring  large  changes  of  other  factors),  it  appears  that  changing 
the  temperature  is  an  alluring  way  to  perform  these  studies. 

LiAsF6  in  2-MeTHF.  already  studied  at  room  temperature,' 
has  now  been  investigated  by  electrical  conductance  down  to  t 
=  -35  °C.  In  order  to  ascertain  and  confirm  the  structure  of  the 
LiAsF<i  in  2-MeTHF,  infrared  spectra  of  the  Pj  band  envelope 
of  AsF6  are  reported. 

Experimental  Section 

The  equipment  and  procedure  for  the  conductance  and  ultra¬ 
sonic  work  have  been  reported  elsewhere.1"3  Similarly,  the 
equipment  and  procedure  for  the  infrared  work  have  been  re¬ 
ported.4  The  only  change  is  the  computer  assistance  to  the  983-G 
Perkin-Elmer  spectrometer  provided  by  a  3600  Perkin-Elmer  data 
station  that  allows  for  spectra  production,  video  monitoring,  disk 
recording  and  retrieving,  data  digitization,  and  hard  copy  recording 
via  computer.  (The  authors  are  indebted  to  the  Perkin-Elmer  staff 
of  Norwalk,  CT,  for  instruction  of  use  of  the  3600  data  station.) 

For  the  products.  LiAsF6  was  from  Agri-Chemical  Co.,  Atlanta, 
GA.  It  was  redried  at  70  °C  in  vacuo  for  36  h.  2-MeTHF 
(Aldrich)  was  distilled  under  reduced  pressure  over  metallic  so- 


’On  leave  from  the  Department  of  Physics,  Ehime  University.  Matsuyama, 

Japan. 

'On  leave  from  the  Department  of  Chemistry,  University  of  Peking,  Pe¬ 
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dium  and  benzophenone.  Solutions  were  used  within  I  h  after 
preparation  for  the  ultrasonic  and  infrared  work,  minimizing 
(10-30  s)  contact  with  the  open  atmosphere. 

Solutions  for  conductance  work  were  prepared  by  weight  in  situ, 
directly  in  the  conductance  cell,  by  adding  a  stock  solution  in 
weighed  portions,  to  the  weighed  solvent  in  the  cell.  The  stock 
solution,  kept  in  a  desiccator,  was  used  within  6-8  h  from  its 
preparation. 


Results 


Figure  1 ,  A.  B,  and  C,  reports  the  equivalent  conductances  vs. 
concentration,  in  the  form  log  A  vs.  log  c,  for  LiAsF6  in  2- 
methyltetrahydrofuran  (2-MeTHF)  at  5,  -15,  and  -35  °C,  re¬ 
spectively.  Table  1  reports  the  experimental  A’s  and  c's  for  the 
various  temperatures  investigated. 

Figure  2A,B  reports  representative  plots  of  the  excess  sound 
absorption  per  wavelength  m  =  aMCX  =  (a  -  Bf)(u/f),  where  a 
is  the  attenuation  coefficient  (Np/cm)  of  sound  at  the  frequency 
/.  B  is  the  background  ratio,  B  =  ( a)) *)/*►/,  for  frequencies /s 
much  larger  than  the  relaxation  frequency  f,  in  accord  with  the 
Debye  function  valid  for  a  single  relaxation  process: 


a 

f 


A 

1  +  (/y/r)2 


+  B 


(I) 


The  solid  lines  in  Figure  2A,B  are,  in  fact,  in  accord  with  eq  I. 
written  in  the  form 


2g„ 


f/fr 


1  +  (f/fr)1 


(II) 


where  pm  -  a  (for  /  =  /r),  namely,  the  maximum  excess  sound 
absorption  per  wavelength,  and  A  =  (2pm)  /  (uf);  u  is  the  sound 
velocity.  Table  II  reports  the  calculated  parameters /n  um,  B,  and 
the  measured  sound  velocities  u  for  ail  the  solutions  of  LiAsF( 
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TABLE  I:  Equivalent  Conductance  .V  (S  cm2/ mol)  and  Molar  Cooccatratioo  e  (nol/da1)  at  t  =  25, 5.  -IS,  and  -35  °C  for  UArf,  io  2-MeTHF 


i  =  25°C“  /  =  5  °C  r  =  -15  CC  r  *  -35  °C 


1.037, 

6.6112 

4.966, 

5.7974 

4.255, 

5.2038 

5.5235 

5.5345 

0.894, 

9.5847 

3.431, 

13.949 

2.6909 

18.282 

3.9513 

13.358 

0.498, 

38.470 

2.680, 

28.308 

2.0330 

38.389 

3.0785 

27.699 

0.416, 

62.710 

2.07Oo 

67.019 

1.3753 

112.73 

2.4651 

S5.844 

0.372, 

89.505 

1.738, 

141.95 

1.0609 

251.86 

1.8774 

130.17 

0.332, 

140.42 

1.538, 

397.93 

0.9849, 

425.65 

1.4546 

274.37 

0.315, 

215.55 

1.577, 

723.66 

1.0513 

706.70 

1.2912 

498.81 

0.338, 

353.00 

1.654, 

924.71 

1.2334 

1132.1 

1.2577 

780.85 

1 .3492 

972.82 

2nd  Run 

1.551, 

583.3 

1.654, 

832.8 

1.4487 

1628.3 

1.5649 

1318.6 

1.828, 

1180.0 

1.8250 

2592.6 

1.9144 

2611.8 

2.475, 

2493.1 

‘Data  from  ref  1. 
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Figure  2.  (A)  Excess  sound  absorption  per  wavelength,  p,  vs.  frequency. 
/.  for  LiAsF,  (0.20  M)  in  2-MeTHF;  r  -  15  °C  (M  -  mol/dm5).  (B) 
m  vs. /for  LiAsF,  (0.20  M)  in  2-MeTHF;  /  -  $  *C  (M  -  mol/dm’). 
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c  r 

Figure  I.  (A)  log  A  vs.  log  r  for  LiAsF,  in  2-MeTHF  at  t  *  5  °C.  (B) 
log  A  vs.  log  c  for  LiAsF,  in  2-MeTHF  at  t  *  -15  °C.  (C)  log  A  vs.  log 
r  for  LiAsF,  in  2-MeTHF  at  r  *  -35  °C 

in  2-MeTHF  investigated  at  15  and  5  °C. 

Figure  3A,B  shows  representative  digitized  infrared  spectra  of 
the  p,  band  envelope  of  the  AsF,"  ion.  The  solid  lines  have  been 
drawn  by  Fitting  the  digitized  absorbances  to  the  Gaussian- 
Lorentzian  semiempirical  product  function4 
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where  cxp(-(r  -  f'n, )/2(t,3)  is  the  Gaussian  and  (I  +  (?- rni)2/<r:y' 
is  the  Lorentzian  factor  of  (111).  Ap,  ,2  represents  the  width  of 


each  band  at  half-maximum  absorbance.  A*/ 2.  Af  corresponds 
to  the  maximum  absorbance  for  v  =  p0/®  for  each  band.  Notice 
that  for  a  pure  Gaussian  function  A  -  Af  exp[-(f'  - 
and  o  -  Ar>,  ,2/2.355.  whereas  for  a  pure  Lorentzian  A  =  /f;°[l 
+  (p  -  Fn,)3/2<r^3]' 1  and  <r  =  Sr,,;/2.00.  The  factors  2.355  and 
2.00  relate  the  half-bandwidths  of  the  respective  functions  to  the 


I 


I 

t 
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TABLE  III:  Calculat'd  Mrarod  Parameters  Af. 

>>  aad  Av,  2 

far  the  foaceutratioBS  Investigated  of  LiAsF* 

i*  2-MeTHF 

cm 

c,  mol/dm1 

'117.  cm' 

1  A  7I7 

-^0 

v-02.  cm  1 

a  702 

*675*  cm" 

l  j  675 

An,  cm  1 

0.002  59 

0.803 

717.5 

1.35 

702 

1.15 

676 

0.50 

13 

0.00258 

0.601 

717.5 

1.25 

702 

1.00 

676 

0.40 

12 

0.00270 

0.502 

717 

1.32 

702 

1.05 

676 

0.36 

12 

0.00268 

0402 

717 

1.11 

702 

0.92 

676 

0.29 

12 

0.002  70 

0.302 

717 

0.83 

702 

0.78 

67S 

0.22 

12 

0.00504 

0.210 

716 

0.85 

702 

1.00 

675 

0.20 

12 

0.00496 

0.106 

717 

0.55 

702.5 

0.50 

676 

0.17 

12 

0.00468 

0.053 

716 

0.1 72 

702.5 

0.25t 

675 

0.04 

12 

*(Aj<|/2)i|t  * 

750  740  730  720  710  700  690  680  670  860  650 
v  (cm' ')  — • 


7  50  740  730 


700  690  630  670  660 
.  (cm  ’) 


Figaro  3.  (A)  Digitized  infrared  spectrum  of  the  r,  spectral  envelope  of 
LiAsF,  (0.30  M)  in  2-MeTHF.  (B)  Digitized  infrared  spectrum  of  the 
vj  spectral  envelope  of  LiAsF,  (0.05  M)  in  2-MeTHF. 


standard  error  a.  For  instance,  for  a  pure  Gaussian  A/A0  =  0.50 
-  =  exp(-(A»,/22/4)/2<r2],  giving  2.3548  =  Av,/2/n. 

As  a  pure  Gaussian  function  is  particularly  appropriate  for  infrared 
spectrum  of  solids  and  a  pure  Lorentzian  is  appropriate  for  infrared 
spectra  of  gases,  the  product  function  (Iff)  is  an  average  function, 
attempting  empirically,  but  quite  successfully,  to  reproduce  the 
line  shape  of  infrared  spectra  in  the  liquid  state.  Table  Ilf  reports 
the  calculated  parameters  A0j ,  fj.  and  Av,/2  for  the  three  Gaus- 
sian-Lorentzian  product  functions  used  to  describe  the  v,  band 
envelope  of  LiAsFt  in  2-MeTHF. 


CiMiliem  and  Discussion 


Electrical  Conductivity.  Traditionally,  since  the  appearance 
of  the  Fuoss-Kraus  theory,5  the  analysis  of  conductance  data,  in 
media  of  permittivity  lower  than  10,  has  been  carried  out,  with 
inclusion  of  triple  ions  as  contributing  species  to  the  total  con¬ 
ductance.  Recently,  however,  the  existence  of  triple  ions  in  solution 
has  been  subjected  to  question.  The  analysis  of  conductance  data 


(5)  Fwss,  R.  M.;  Krass,  C.  A.  J.  Am.  Chem  Soc  1633.  55.  2387.  Fuoss. 
R.  M.;  Accascina,  F.  Electrolytic  Conductance:  Interscience.  New  York. 

1958. 


has  been  carried  out  without  the  inclusion  of  triple  ions6  even  in 
media  of  low  permittivity.  Also,  the  increase  in  conductance  with 
concentration  (from  the  value  predicted  by  the  dissociation  of 
simple  ion  pairs)  has  been  suggested7  to  be  due  to  the  increase 
of  the  permittivity  of  the  solution  with  electrolyte  concentration. 
Indeed,  if  the  electrolyte  is  present  mainly  in  the  form  of  dipolar 
ion  pairs,  the  polarization  of  the  solution,  and  hence  its  permittivity, 
is  increased.  At  high  electrolyte  concentration  this  effect  is  ov¬ 
erwhelming.  In  the  past  we  have  shown8  that,  by  including  the 
solution  permittivities  into  the  Fuoss-Kraus  theory,  it  applicability 
was  extended  up  to  ~0. 1  M  for  LiC104  in  dimethyl  carbonate 
at  I  -  25  "C. 

The  question  of  concern  is  whether  at  relatively  low  concen¬ 
trations  ( c  S  I0‘2  M)  the  effect  of  the  permittivity  increase  is 
relevant  to  the  existence  of  triple  ions  and  to  their  postulated 
contributions  to  the  conductance  of  the  solution.  In  order  to  probe 
into  this  question,  the  conductance  of  the  solutions  investigated 
in  this  work  will  be  dealt  with  first  in  the  conventional  way  by 
approximating  the  permittivity  to  the  one  of  the  solvent.  The 
analysis  will  be  repeated  with  the  available  solution  permittivity 
data  by  retaining  the  triple  ions.  Finally,  the  analysis  will  be 
repeated  with  the  solution  permittivity  data,  eliminating  the  triple 
ions  as  postulated  species  contributing  to  the  total  conductance. 

Delsignore  et  al.1  reported  conductance  data  for  LiAsF*  in 
2-MeTHF  at  25  "C.  Some  of  their  data  have  been  reanalyzed 
by  the  Fuoss-Kraus  triple-ion  conductance  theory5 


A  g(c)c 


with 


gic)  = 


(IV) 


and 


V  = 


1.8247  X  106 


(<r)3/2 


S  =  «A 0  +  0 


0.8206  X  I06  82.501 


(«n,;J 


n(*r) 


1/2 


In  the  above,  t  is  the  permittivity,  tj  the  viscosity,  and  T  the 
absolute  temperature.  The  values  of  t  =  6.24  and  g  =  0.0047  P 
have  been  taken  from  previous  work.1  The  value  A0  =  22.53  S 
cm2/mol  at  t  *  25.00  °C,  in  propylene  carbonate,’  is  judged 
particularly  reliable.  As  t/  -  0.0253  P*  it  gives  A0tj  =  0.570  and, 
in  2-MeTHF,  A0  =  121  S  cm2/mol,  lower  than  the  value  used 
previously,'  and  the  very  reason  of  reanalyzing  the  data  in  the 
conventional  way. 

Figure  4A  reports  the  plot  of  A g(c)c,/2  vs.  (1  -  A/A„)c  for 
LiAsF,,  in  2-MeTHF.  Linear  regression  gives  r2  =  0.997.  intercept 


(6)  Grigo,  M.  J.  Solution  Chem.  I9S2.  II.  529. 

(7)  GestNom.  B.;  Svorsto).  I.;  Songstad.  J  J.  Phys  Chem  19B6.  90. 4684. 

(8)  Delsignore.  M  ;  Farber,  H.:  Peirucei.  S  J.  Phys  Chem.  1965.  S9.  4968. 

(9)  Salomon.  M.;  Pltchta,  E.  J.  Electrochim.  Acta  1964,  29.  731. 
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Static  dielectric  permittivity 
vs.  electrolyte  concentration. 
System:  LiAsF,  in  2MeTHF; 
t  =  25'C 

«0  =  6.24+47.343c-242.77c2 


0.01 


0.02  0.03  0.04 
C<mol/dm3) — - 


0.05 


( 1  -  A/Ao)c 


Figure  4.  (A)  Ac''2g(r)  vs.  <-  for  LiAsF,  in  2-MeTHF:  /  =  25  °C.  (B) 
Dielectric  permittivity,  «(<•).  vs.  <■  for  LiAsF,  in  2-McTHF:  r  =  25  °C. 
(C)  vs.  c  using  t  *  r(r)  for  LiAsF,  in  2-MeTHF. 


<103/T),  k~' — • 

Figure  5.  (A)  van't  Hoff  plot  of  In  Kr  vs.  I/T  for  LiAsF,  in  2-MeTHF. 
(B)  van’t  Hoff  plot  of  In  Kf  vs.  l/T  for  LiAsF,  in  2-MeTHF. 

van't  Hoff  plot  of  In  vs.  l/T  for  LiAsF,  in  2-MeTHF.  Figure 
SB  reports  the  corresponding  van’t  Hoff  plot  of  In  Kj  vs.  l/T  for 
the  same  system. 

The  solid  lines,  calculated  by  linear  regression,  give  from  Figure 
5A  X5r°  *  63  cal/(K  mol)  and  A //„•  -  7.28  kcal/mol.  By 
equating  Kr  to  the  Bjerrum  expression  for  ion-pair  association1 1 

*  =  W5e  (V) 

where 

&  *  e*/tdkT,  <?=  J  -d Y 


TABLE  IV:  Sohiat  Properties  aa4  Results  of  K,  aa4  lfT  by  the 
Foass-Kraas  Tripie-loo  Conductance  Equation  far  LiAsF,  in 
2-MeTHF  at  the  Various  Tempera  tores  Investigated 


r.  °C 

f 

r>.  P 

v 

S  cm2/ mol 

*r 

M-' 

Kr" 
M  ' 

* 'max 

X  I0*r 

25 

6.24 

0.0047 

121 

2.5  X  10’ 

294 

215.5, 

5 

6.77 

00057 

too 

1.0  X  10* 

20., 

141.9, 

-15 

7.38 

00072, 

78., 

8.5  x  I05 

9* 

112.7, 

-35 

8  TO 

00096, 

58., 

3.0  X  I05 

1  , 

130.1, 

“Based  on  Walden's  rule  A0i)  =  0.570.  *  Based  on  the  arbitrary 
position  .ViT  =  2/3 A,.  f  Maximum  electrolyte  concentration  used  in  eq 


IV. 

■  -0.02447,  and  slope  =  0.4793,  from  which  one  calculates  Kv 
=  2.4,  X  I07  M'1  and  Kr  =  29.4  M'1  (M  =  mol/dm3)  having 
retained  the  arbitrary  condition  AT°  =  2/jAo.  consistent  with 
previous  work.' 

Table  IV  reports  the  results  of  the  calculations  by  the  Fuoss- 
Kraus  conductance  eq  IV,  at  5,  -15,  and  -35  °C.  For  these 
calculations  the  permittivities  <  and  viscosities  it  have  been  cal¬ 
culated  by  the  functions'0 

«  =  -1.14  +  2200 /r 
log  n  =  -3.635  +  386/ T 

Table  IV  also  reports,  for  all  the  temperatures  investigated,  the 
maximum  concentration  used  in  eq  IV.  Figure  5A  reports  the 


(10)  NkholH.  D :  Sutphen.  C  ;  Sr»arc.  M  J  Ptivs  (  hem  |9M.  73.  102 1 


one  obtains  the  values  of  d,  the  ion-pair  separation  distance  re¬ 
ported  in  Tabie  V.  The  value  at  r  *  25  °C  is  in  good  accord  with 
the  value  d,  =  4.6  x  10  s  cm,  calculated1  from  the  Bbttcher 
function12  and  dielectric  permittivities.  There  appears  to  be  a 
trend,  d  increasing  with  decreasing  temperature.  If  true,  this  trend 
would  suggest  a  tendency  to  form  solvent-separated  ion  pairs  by 
decreasing  T  (hence  by  increasing  c). 

The  triple-ion  formation  constants  Kj  have  been  compared  to 
the  Delsignore-Bjerrum13  equilibrium  constant 

2»Lax5 

-  loaT6’’"®1  (V" 

with 

y(n-S/2)  1 7*  At 

in  -  <5/2))n’|y.2 


br  = 


eft 


tar2kT 


Q  =  L 

n-odd 


or 

Q  = 


br'-  Vs 

1 .5  +  (0.5)3!  + 


(2.5)5! 


br*'  V5 

(4.5)7!  (6.5)9! 

ftt*5 

(8.5)11!  +  " 


+ 

-  0.2556 


(11)  Bjerrum,  N.  K.  Dan.  Vidensk.  Selsk.  Mat-Fys.  Medd.  WH,  7,  9. 

(12)  Boucher.  C.  F.  J  Theory  of  Electrical  Polarization ;  Elsevier:  Am¬ 
sterdam.  1973. 

(13)  Delsignore.  M.;  Farber.  IF;  Petrucci.  S  J  Phys  Chem  HBG,  90, 
3294 
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V 

y 


3 


TABLE  V:  Calculated  loa-Pair  Separate  Distance  4  aad  Triple- 1  oa  Separate  Distance  aT,  according  to  the  Biemiai  and  Dekigaore-Bjerrma 
Theories,  Respectively,  for  LiAsF,  ia  2-MeTHF  at  Varioas  Trayrratarn 


/.  °c 

X“*\ 

M"1 

F  oikd  a 
p  * 

M  1 

Ay"'". 

M  1 

v  cakd  « 
l%T  « 

cm 

d  x  10*. 
cm 

aT  x  10*, 
cm 

4t  x  10** 

25 

2.5  X  I07 

2.4  X  107 

29.4 

30.0 

4.4, 

8.4 

14.34 

5 

1.0  X  10* 

l  .l  x  10* 

20., 

20.0 

5.5 

9.2 

14.25 

-15 

8.5  x  I03 

9.0  X  10s 

9* 

9., 

5.5 

11.0 

14.27 

-35 

3.0  x  I05 

3.0  x  I03 

1-3 

1  3 

6.0 

13.6 

14.08 

“■The  calculated  Kf“M  and  Kf**  have  been  computed  from  eq  V  and  VI.  respectively,  by  changing  d  and  aT  in  steps  of  0.1  x  (O'*  cm.  ‘Values 
of  q x  represent  the  maximum  distance  of  separation  of  an  ion  from  the  dipole  pair  in  the  triple  ion. 


using  the  experimental1  u  *  22  x  10  18  esu  cm. 

The  results  extending  the  series  to  n  *  IS  are  reported  in  Table 
V.  At  t  *  25  *C,  ay  *  8.4  X  10~8  cm,  namely,  ay  larger  than 
I  .id.  (The  axiom  of  three  equal  spheres  at  contact  may  suggest 
ay  *  \.5d.)  The  values  of  aT  seem,  however,  of  reasonable 
magnitude,  even  at  the  lowest  temperature,  with  the  general 
condition  aT  *=  2d.  In  Table  V  the  Delsignore-Bjcrrum  param¬ 
eters13  qT  are  also  reported,  showing  aT  approaching  qT  (hence 
Ky  approaching  zero)  as  the  temperature  is  lowered  (hence,  as 
t  is  increased).  In  the  above  qy  *  |eji/(2«*D|l/J,  which  corre¬ 
sponds  to  a  ratio  of  2  between  the  electrostatic  ion  dipole  energy 
eu/Uqy2)  and  kT. 

Recently,7  it  has  been  inferred  that  because  the  permittivity 
of  the  electrolyte  solution  increases  with  concentration  of  elec¬ 
trolyte,  the  deviation  of  the  slope  of  log  A  vs.  log  c  from  -0.S0, 
namely,  from  the  Ostwald  mass  law,  may  be  due  in  part  or  all 
to  changes  in  permittivity,  thereby  putting  the  very  existence  of 
triple  ions  under  discussion.  We  agree  that,  at  high  concentrations, 
the  permittivity  effect  becomes  of  paramount  importance,  as 
documented  in  a  previous  paper.8  We  were  concerned,  however, 
that  even  at  low  concentration  (c  <  2  X  10“ 2  M)  the  fact  that  <(r) 
is  larger  than  the  solvent  value  may  be  significant. 

We  therefore  took  the  Delsignorc  et  al.1  data  of  dielectric 
permittivity  «  for  LiAsF,  in  2-MeTHF  and  fitted  them  by  non¬ 
linear  regression  to  the  equation  at  t  *  25  °C 

*  *  6.24  +  47.34c  -  242.77 c2 

with  determination  coefficient  r2  *  0.999999,  (Figure  4B).  At 
each  concentration  used  in  the  conductance  work.  <  was  then 
calculated  and  eq  IV  applied  (Figure  4C).  Linear  regression  of 
Ag(c)cl/2  vs.  ( 1  -  A/Ao )c  gives  r2  ”  0.9965.  intercept  *  0.024 30, 
and  slope  *  0.5874  from  which  Kp  =  2.48  X  |07  M'1  and  Ky  * 
36.i  M~‘.  having  used  eq  IV  up  to  c  *  0.021  55  M.  The  change 
in  Kp  is  insignificant,  with  respect  to  the  calculation  of  K.  with 
<  *  6.24,  the  solvent  value.  The  change  in  Ky  is  about  20%.  but 
using  <  =  t(c)  does  not  cause  Ky  to  become  zero,  as  the  allegation 
involving  «(c)  >  <,o|Vtn,  may  have  implied.  The  condition  ,\T°  * 
2/,A0  probably  carries  an  incertitude  at  least  as  large  as  20%. 

There  is,  however,  another  way  of  analyzing  the  data  by  re¬ 
taining  «  *  *(c)  in  the  calculations  of  g(c)  (eq  IV)  but  by  assuming 
absence  of  triple  ions.  Equation  IV  then  becomes 


Agfc)c,/J 


Ao/V72 


The  concentration  dependence  of  the  left  side  of  the  above  equation 
may  be  absorbed  by  Kp,  if  one  assumes  that  the  increased  per¬ 
mittivity  of  the  solution  causes  Kp  to  decrease.  Table  VI  reports 
the  calculated  Kp' s  according  to  eq  VII.  Also,  in  Table  V!  we 
report  the  calculated  Ap  using  the  Fuoss  expression  Kr  - 
with  A„  «  (4 *L  <fr3/3000)  and  8  *  e2/fdrkT  using  the  permittivity 
of  the  solutions  and  also  using  df  as  an  adjustable  parameter. 
From  Table  VI  it  is  obvious  that  Kp  decreases,  as  expected,  but 
also  that  the  A'F's  reproduce  the  Kp  s  at  the  cost  of  decreasing  df 
from  4.92  x  10  8  to  4.4,  x  I0-8  cm.  The  fit  is  remarkable  and 
suggests  that,  in  principle,  in  the  concentration  range  analyzed 
the  change  in  permittivity  of  the  solution  may  account  for  the 
increase  in  conductivity  of  the  solution  without  the  postulation 
of  the  presence  of  the  triple  ions.  The  trend  in  the  df  s.  if  real, 
may  reflect  the  neglect  of  higher  terms  in  the  conductance 
equation,  only  the  Onsager  S(r A/.V,)1  2  term  having  been  retained. 
As  for  the  presence  of  triple  ions,  it  appears  premature  to  draw 


TABLE  VI:  Calculated  K,'t  according  to  Eg  VII  and  C  alculated 
ifF's  according  la  the  Expression  Kf  «  (4trfdFVMM)r'<  with  0  • 
e1/i4fkT,  Using  c  “  <(c)  and  4t  as  an  Adjustable  Parameter 
(System  LiAsF«  in  2-MeTHF  at  t  ■  25  •€) 


c  X  I04, 
M 

( 

\g(c)c1'2 
X  102 

Ap  X  10  7, 
M  1 

Af  X  10-’, 

M  1 

d,  X  10* 
cm 

0 

6.24 

2.48* 

2.51 

4.92 

6.6112 

6.27 

2.4450 

2.45 

2.44 

490 

9.5847 

6.29 

2.5119 

2.32 

2.31 

4.90 

38.470 

6.42 

2.6765 

2.04 

2.04 

4.82 

62.710 

6.53 

2.7992 

1.87 

1.81 

4.76 

89.50$ 

6.64 

2.9389 

1.70 

1.68 

4.69 

140.42 

6.86 

3.2132 

1.42 

1.42 

4.56 

215.55 

7.15 

3.7189 

1.06 

1.04 

4.43 

‘Value  calculated  from  extrapolated  data  of  A gic)c'n  vs.  r(l 

(A/A«» 

TABLE  VII:  Valnes  of  the  Rate  Constants  and  Equilibrium 


Coastauts  at  Variaws  Temperatures  far  the  Dimerization  of  UAtF,  ia 
2-MaTHF* 

•c 

M'1  s"1 

k,.  s"1 

A,, 

M  1 

MS  cakd  h 

V 

a,  x  M)*, 
cm 

25 

2.7  X  I0*c 

1.5  X  10*' 

1  8r 

1.80 

9.4 

15 

2  .0  X  10* 

1.4  X  10* 

1.4 

1.36 

9.7 

5 

1.4  x  10* 

1.2  X  10* 

1.2 

1.19 

9.8 

‘Calculated  values  of  A,  and  a,  according  to  the  Maascr-Bjerrum 
theory  of  dimerization.  ‘The  calculated  A',“lcd  have  been  computed 
from  eq  IX  by  changing  a,  in  steps  of  0.1  x  10"*  cm.  'Figure  taken 
from  ref  I . 

conclusions  before  more  extensive  research  is  done  with  many 
solutions  of  known  permittivities.  There  are  at  least  two  systems 
when  the  permittivity  does  not  change  appreciably  with  concen¬ 
tration  but  the  conductance  increases.  Bu,HNCI  in  toluene14  at 
35  *C  showed  only  permittivity  increases  <1%  in  the  concentration 
range  0  to  26.9  X  10  *  M,  but  the  molar  conductivities  went 
through  a  minimum  at  —10~3  M.  Further,  for  LiBF4  in  di- 
methoxymethane13  at  25  aC,  the  solution  permittivity  does  not 
change  appreciably  up  to  ~0.3  M  but  the  molar  conductivity 
increases  with  concentration.  Evidently,  for  these  systems  the 
permittivity  is  not  the  factor  to  cause  the  increase  of  A.  Further, 
there  is  spectroscopic  evidence  by  IR  of  presence  of  triple  ions 
as  for  the  NaSCN  in  THF,  showing  a  band4 15  at  ~2074  cm  1 
which  was  attributed15  to  the  Na+SCNNa+  species,  the  anion 
being  a  bidentate  ligand. 

Ultrasonic  Relaxation  Spectra.  Delsignore  et  al.1  interpreted 
the  observed  ultrasonic  relaxation  of  LiAsFt  in  2-MeTHF  at  t 
=  25  °C  as  due  to  a  dimerization  process  according  to  the  scheme 

2LiAsF6  (LiAsFt)2 

leading  to  the  relation 

r  1  -  2s f  =  AkfCp  +  k,  (VIII) 

with  A,  =  k,/kr.  By  approximating  cr  ~  namely,  the  ion-pair 
concentration  to  the  total  concentration,  and  by  plotting  r  ’  vs. 
c,  we  could  calculate  Lf.  kr.  and  hence  Aq. 

(14)  Mead.  D  J  :  Fuoss.  R  M  J  Am.  C  hem  So, .  1942.  f>4.  277 

(15)  Chabanel.  M  :  Wang.  7  J.  Ph\  ,  Chcm  ISM  XX.  1441. 
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Figure  6.  (A)  r'1  vs.  c  for  LiAsF*  in  2-MeTHF;  I  “  IS  *C.  (B)  r"1  vi. 
<■  for  LiAsF*  in  2-MeTHF:  t  -  5  *C. 

Figure  6A.B  reports  such  a  plot.  Specifically,  at  1 S  *C.  linear 
regression  gives  A  *  0.96,  intercept  *  1 .38  X  10*.  and  slope  * 
7.9,  X  10*.  At  5  *C  linear  regression  gives  r1  *  0.85,  intercept 
■  1.22  X  10*.  and  slope  *  5.7*  X  10*. 

In  Table  VII  the  values  of  k,.  k,.  and  A,  at  25  *C,  taken  from 
previous  work,1  and  at  1 5  and  5  *C,  taken  from  the  present  data, 
are  reported. 

Figure  7,  A  and  B.  reports  the  Eyring  plots  of  In  (kf  D  and 
In  (kt/T)  vs.  1/7",  respectively.  The  solid  lines  have  been  calculated 
by  linear  regression.  Specifically,  one  obtains  from  the  data  of 
Figure  7A 

r1  *  0.999,  intercept  *  21.9,  slope  *  -2437 


<103  T) - - 

Figure  7.  (A)  Eyring  plot  of  In  (4,/T)  vs.  1  /T  for  LiAsF*  in  2-MeTHF. 
(B)  Eyring  plot  of  In  (fcr/T)  vs.  I  jT  for  LiAsF,  in  2-MeTHF. 


giving 

XH*  *  4.8*  kcal/mol.  ASf*  *  -3.70  cal/(K  mol) 

Also,  one  obtains  from  the  data  of  Figure  7B 

r2  =  0.956,  intercept  *  1 5.27.  slope  *  -637.* 

giving 

XHr*  *  1.2,  kcal/mol.  XS*  *  -16.8,  cal/(K  mol) 
Therefore 

XHf  -  XH(*  -  XH,*  -  3.6  kcal/mol 

and 

XS^  «  XS,*  -  XS,*  *  13.j  cal/(K  mol) 
giving  at  T  -  298.2  K 

*  3600  -  298  (13.2)  *  -336.2  cal /mol 

and 

/  336-j  \ 

1.987  X  298.2 

remarkably  close  to  the  value  obtained  before  from  the  isothermal 
work  at  25  *C.  It  was  of  interest,  at  this  point,  to  compare  the 


for  all  odd  it's  (it  *  I,  3,  5, ...). 

By  extending  the  summation  to  n  =  25,  we  have  calculated 
by  varying  a*  in  steps  of  0.1  A  to  match  the  experimental  A,’s 
(1  A  «  1  X  10~*  cm). 

Table  VII  reports  the  calculated  A,’ s  and  the  corresponding 
a,'s.  A  small  trend  seems  to  exist:  the  a,'s  slightly  increasing  by 
decreasing  T  (as  noticed  for  the  aT's,  above).  Further,  at  t  *  25 
*C,  *  9.4  X  I0‘*  cm  ar  2d  where  d  *  4.6  X  I  cm.  This 

implies  that  the  two  dipoles  are  separated  more  from  each  other 
than  the  two  ions  in  the  pair,  or  presumably  it  implies  a  sol¬ 
vent-separated  dimer. 

Infrared  Spectra.  The  Raman  and  infrared  spectra  of  AsF*~ 
in  the  solid  state  have  been  discussed  in  the  literature.17  The 
assignment  of  the  fundamental  vibrational  frequencies  has  been 
done  on  the  assumption  of  an  octahedral  Oh  structure  for  AsF*~. 

Three  Raman-active  fundamental  vibrations.  F,(A,t)  s  685 
cm1,  v2(E*)  s  576  cm-1  (doubly  degenerate),  and  t^fF^)  =  372 
cm-1,  were  observed.17  Two  infrared-active  vibrations,  v3(F|,)  s 
699  cm'1  and  p*(F,()  s  392  cm'1,  both  triply  degenerate,  were 
also  observed.  The  sixth  vibration  r*  was  reported  as  inactive  in 
both  Raman  and  infrared  spectra.17  The  vibrational  mode  of 
frequency  r*.  which  is  inactive  in  the  Ot  structure,  was  predicted 

(16)  Maaser,  H.  E.;  Defetgnore.  M.;  Newstein.  M.;  Feitucci.  S.  J.  Mrs. 
Chem.  I9M.  88.  5100. 

(17)  Begun.  G.  M.:  Rutenberg.  A.  C.  Incrg.  Chrm  19*7.  6.  2212. 
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Figure  S.  (A)  Infrared  spectrum  of  LiAsFt  in  1 ,2-dimetboxyethane 
(DME)  (»}  infrared  envelope).  (B)  Infrared  spectrum  of  LiAsF*  in 
tetrahydrofuran  (THF)  (;,  infrared  envelope).  The  shoulder  at *  £660 
cm'1  is  due  to  a  solvent  band. 

to  become  infrared  active  in  all  the  lower  symmetries  with  expected 
frequencies  in  the  200-400-cm’1  range.  In  fact,  the  position  of 
the  v4  band  was  estimated17  to  be  »6  ■  322  cm'1  for  AsF*",  a 
calculation  based  on  force  constant  estimations,  ft  is  worth 
quoting17  that  the  two  combination  bands  (»,  +  »«)  and  (»2  +  P6) 
were  expected  to  be  active  in  the  infrared  band  of  these  compounds. 
In  fact,  shoulders  in  the  infrared  spectra  were  observed17  in  the 
region  of  the  v}  band.  (Notice,  in  fact,  that  »,  +  »,  ~  372  +  322 
*  694  cm'1  closely  overlaps  the  p,  band,  an  observation  to  be 
quoted  again  below.) 

We  have  chosen  the  p,  infrared  band  region  for  our  study,  as 
reported  above  in  Table  III.  In  view  of  the  literature.17  the  band 
at  702  cm'1  can  then  be  assigned  to  the  “spectroscopically  free* 
AsF6",  namely  (in  view  of  the  conductance  results,  giving  Kr  a 
I07  M'1),  to  a  solvent-separated  ion  pair  Li+S,AsFs~  and  possibly 
to  smaller  amounts  of  solvent-separated  dimers  (Li+S,AsF4')2, 
spectroscopically  indistinguishable  from  Li*S,AsFt'.  The  band 
at  =717  cm'1  appears  to  change  in  maximum  absorbance  with 
the  nature  of  the  solvent.  This  is  testified  in  the  spectra  reported 
in  Figure  8  A  for  LiAsF*  in  1,2-DME  of  permittivity  *  *  7.0.  and 
in  Figure  8B  for  LiAsF6  in  THF  of  permittivity  t  *  7.4  (both  «’s 
referring  to  T  *  298.2  K).  Further,  in  Figure  9B,  LiAsF6  in 
acetone  shows  that  the  band  at  718  cm'1  is  of  minor  relative 
maximum  absorbance  Aq  and  is  only  necessary  to  describe  the 
left  “wing*  of  the  p3  band  of  the  AsF6'  spectrum,  which  cannot 
be  reproduced  by  a  single  Gaussian-Lorentzian  band  (Figure  9A). 
Acetone  (dried  over  molecular  sieves,  distilled,  and  checked  for 
absence  of  water  bands  at  =3600  cm'1)  has  a  permittivity  t  * 
20.7  at  T  *  298.2  K,  Further,  in  2-MeTHF,  the  value  of  V” 
increases  with  respect  to  ^o792,  surpassing  it  at  about  c  *  0.3  M 
(Table  III).  We  assign  this  band  at  p  3  717  cm'1  to  a  contact 
species,  which  is  favored  either  by  decreasing  the  permittivity  of 
the  solvent  or  by  increasing  the  electrolyte  concentration  (by  mass 
law). 

Previous  ultrasonic  work,  for  LiAsF6  in  1,2-DME,1*  did  not 
reveal  the  presence  of  dimers,  but  only  the  presence  of  an  outer 
sphere  to  contact  ion  pair  equilibrium 

L+S.AsF*  LiAsF*  +  S 


(18)  Farter.  H  ;  Fwrucci.  S  J  Phys.  Ckem.  MBJ.  97.  3515 
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flpn  9.  (A)  Digitized  infrared  spectrum  of  LiAsFt  (0.20  M)  in  acetone 
(»j  region).  Dashed  line  represents  a  single  Gaussian-Lorentzian  band. 
(B)  Digitized  infrared  spectrum  of  LiAsF(  <0.20  M)  in  acetone.  Solid 
line  represents  the  sum  of  three  Gaussian-Lorentzian  bands. 


Figure  lg.  Infrared  P,  band  envelope  of  LiAsF,,  (0.20  M)  in  dimethyl 
carbonate. 

strongly  shifted  toward  the  left.  Raman  spectra1*  confirmed  this 
assignment,  the  P,(A|,)  band,  at  =680 cm'1,  being  almost  without 
either  discernible  band  asymmetry  or  satellite  bands  present. 

Similarity  of  the  infrared  bands  positions  in  1,2-DME  at  about 
717,  702,  and  677  cm  1  with  the  ones  of  LiAsF6  in  2-MeTHF 
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Fifw«  II.  (A)  Maximum  absorbance  per  unit  length  ( /! )  vs.  con¬ 
centration  c  of  LiAsF,  in  2-MeTHF.  (B)  Maximum  absorbance  per  unit 
length  (/4o™7//)  vs.  concentration  of  electrolyte  LiAsF*  in  2-MeTHF. 

suggests  that  the  origin  of  these  three  bands  is  the  same.  This 
leads  toward  assignment  of  the  717-cm"1  band  to  contact  ion  pairs. 
LiAsF*.  Probably  the  contact  ion  pairs  are  in  much  larger  relative 
concentration  in  2-MeTHF  with  respect  to  1, 2-DME.  judging  from 
the  relative  band  amplitudes  at  »  =  717  cm'1.  By  the  same 
argument,  in  acetone  (Figure  9A.B).  these  contact  species  are 
almost  absent.  This  is  in  accord  with  expectations  due  to  the 
permittivities  of  the  three  solvents. 

The  interpretation  of  the  band  at  =676  cm  1  can  be  achieved 
by  assigning  this  band  as  due  to  a  combination  band17  (r,  +  P*f. 
p*  being  present  when  the  Oh  symmetry  is  lowered  because  of  the 
formation  of  contact  species.  Figure  10  shows  the  Pj  region  of 
the  infrared  spectrum  of  LiAsF*  in  dimethyl  carbonate  (DMC). 
a  solvent  of  permittivity  «  =  3  I .»  The  spectrum  looks  qualitatively 


similar  to  the  one  in  2-MeTHF  at  similar  concentrations.  Notice 
that  the  band  at  676  cm'1  is  practically  invisible  for  the  spectrum 
of  LiAsF*  in  acetone  (Figure  9|.  where  only  a  minuscule  band 
contribution  at  p  =  682  cm'1  is  needed  in  order  to  describe  the 
lower  “wing"  of  the  spectrum.  On  the  other  hand,  for  LiAsF* 
in  DMC.  dimers  were  found  to  be  present/  with  an  apparent 
formation  constant  A,  s  SO  M"1.  One  could  then  argue  that 
lowering  of  the  Ok  symmetry  of  AsF*'  is  also  due  to  some  contact 
dimers,  contributing  to  the  band  at  P  s  676  cm'1.  This  band 
appears  to  be  present  in  different  but  increasing  relative  amplitudes 
in  THF,  1,2-DME.  2-MeTHF.  and  DMC.  In  acetone  the  satellite 
bands  at  718  and  682  cm'1  are  almost  absent.  Energetically, 
dimers  should  not  be  stable  configurations  in  acetone,  the  di¬ 
pole-dipole  energy  being  small  with  respect  to  k  T.  due  to  the 
permittivity  e  ■  20.7  at  T  *  298.2  K. 

Lack  of  visibility  of  the  dimers  in  the  infrared  spectrum  of 
LiAsF*  in  2-MeTHF,  despite  their  formation  constants  «  1.8 
M  1  at  25  °C,  may  be  rationalized  if  they  are  in  the  majority  of 
the  outer-sphere  or  solvent-separated  type.  This  was  suggested 
by  theoretical  calculations  above,  indicating  au  *  9.4  X  10'*  cm 
s  2d,  d  being  the  ion-pair  separation  distance.  Because  of  the 
likely  contribution  of  both  species  LiS.AsF*  and  (LiS.AsF*),  to 
the  band  at  P  *  702  cm'1,  we  believe  that  any  attempt  at  calcu¬ 
lating  formation  constants  from  the  absorbances  of  the  two  visible 
bands  at  702  and  717  cm'1  may  lead  to  meaningless  results. 

In  order  to  facilitate  future  calculations  from  the  present  data, 
as  reported  in  Table  III,  we  have  expressed  the  absorbances  per 
unit  length,  A0”7//.  Aq02/!,  and  A0t2tl,  by  polynomials  in  the 
electrolyte  concentration  c  (mol /dm1).  Specifically,  nonlinear 
regression  gives 

V7//  m  -1.1  ♦  863c  +  832c2  -  1384c5.  with  r2  «  0.994 
A0m/I  *  -1.5  +  1 1 99c  -  1006c2  +  239.5c5.  with  r2  - 


-V76// 1 


0  062  +  2006.4c  +  233.9 c2  -  241 ,5c\  with  r2 


having  given  a  50%  statistical  weight  to  the  origin. 
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Electrical  conductance  data  in  the  temperature  range  4-2$  to  -43  *C  are  reported  and  interpreted  by  the  Fuoaa-Kraus  triple-ion 
theory.  Theoretical  exprenom  far  the  thermodynamic  parameter!  for  triple  ions  AH*r  and  AS*T  have  been  derived.  Comparison 
is  made  between  the  experimental  figures  of  AH*  and  AS*  and  the  corresponding  values  calculated  from  the  Bjemim  theory 
of  ion  pair  formation.  Comparison  is  also  nude  between  the  experimental  AH*T  and  AS*T  and  the  values  now  calculated 
from  theory.  Both  these  tests  give  reasonable  estimates  of  the  ion  pair  separation  distance  d  and  of  the  ion  to  dipole  separation 
distances  a  (in  the  triple  km.)  Infrared  spectra  of  the  (infrared-active)  r,  band  of  the  perchlorate  anion  in  the  wavenumber 
band  550-700  cm1  reveal  a  complex  spectral  envelope  which  can  be  deconvoluted  into  three  Gaussian-Lorcntzian  bands. 
One  of  them,  centered  at  ~625  cm-1,  is  assigned  to  the  “spectroscopically  free*  CIO,  ion  (that  is,  to  the  solvent-separated 
Li*S,  CIO,'  and/or  to  the  solvent -separated  dimer  (Li^S,  CKV~Li+S,  CIO,')  where  S  is  a  advent  molecule),  the  perchlorate 
km  having  Td  symmetry.  The  other  bands  centered  at  639  and  654  cm'1  are  presumed  to  be  due  to  contact  species,  the  CIO,' 
having  lower  symmetry.  The  maximum  band  absorbances  have  been  correlated  to  the  electrolyte  concentration  by  polynomial 
functions.  Ultrasonic  relaxation  spectra  in  the  concentration  range  0.05-0.4  M  and  frequency  range  0.5-400  MHz  are  described 
by  a  single  Debye  relaxation  function.  Independence  of  the  relaxation  frequency  on  electrolyte  concentration  for  c  >  0.1 
M  and  linearity  of  the  maximum  excess  absorption  coefficient  of  sound  per  wavelength  on  concentration  identify  the 
ultrasonic  relaxation  process  as  due  to  a  first-order  or  pseudo-first-order  process.  The  ultrasonic  spectra  are  interpreted  by 
the  second  step  of  the  dimerization  equilibrium  2M  c*  M—M  c*  M2,  namely,  by  the  scheme  M— M  *=f  M2  (*2,_2)  where 
M  is  the  monomeric  ion  pair,  M—M  a  solvent-separated  dimer  or  quadrupoie,  and  M2  a  contact  dimer.  Temperature  dependence 
of  the  ultrasonic  relaxation  spectra  allows  for  estimation  of  activation  and  thermodynamic  parameters  of  the  observed  equilibrium. 
Microwave  dielectric  relaxation  spectra  in  the  frequency  range  ~0.8-90  GHz  and  concentration  range  0.05-0.3  M  are  interpreted 
by  two  Debye  relaxation  processes  at  1 .8  and  35  GHz,  respectively.  The  one  at  lower  frequency  is  attributed  to  the  presence 
of  the  solute.  B&ttchcr  plots  of  the  lower  relaxation  strength  g(<)  vs.  total  concentration  of  electrolyte  show  a  marked  concave 
down  curvature,  revealing  that  not  all  of  the  electrolyte  exists  in  dipolar  form.  Since  Kk  »  10*  M'1  and  the  concentration 
of  triple  ions  is  small,  no  appreciable  extent  of  free  ions  exists  in  solution  as  to  cause  the  curvature  of  the  Boucher  plot.  The 
observed  phenomenon  is  interpreted  as  evidence  of  the  presence  of  dimer  ion  pain  or  quadrupoles.  M-M,  the  solvent -separated 
dimers,  are  the  predominant  species  in  solution,  and  previous  theoretical  work  predicts  that  the  ion  pair  components  can 
route  independently  of  each  other.  In  fact,  by  approximating  (M—M)  s  c/2  and  plotting  the  Bdttcher  relaxation  strength 
function  d(t)  vs.  c/2,  one  observes  an  approximately  linear  correlation. 


Past  work1  with  LiAsF,  in  2-mcthyftetrahydrofaran  (2MeTHF) 
has  indicated  a  sizeable  amount  of  (Smeri  ration  of  the  electrolyte 
for  this  system  (which  is  relevant  to  batteries  construction).  It 
has  been  observed1  that,  in  ethereal  solvents,  LiCIO,  is  a  weaker 
electrolyte  than  LiAsF,.  Hence,  one  could  infer  that,  in  the 

’Colgate  pahMhve,  Pbcataway,  NJ  OSS 54 
'Milts  Laboratories,  Elkhart,  IN  46514. 


multistep  equilibria  leading  to  contact  dimers  or  quadrupoles, 
LiCIO,  is  shifted  toward  formation  of  the  latter  species  in  larger 
amounts  than  LiAsF,.  The  above  was  judged  interesting  enough 
that  comparison  between  LiAsF,  and  LiCIO,  in  2MeTHF  was 
thought  to  be  desirable  information.  In  the  process  we  have 


( 1 )  Defaignorc.  M.;  Maaser.  H.  E.;  Petrvcct,  S.  /.  Phys  Chem  I9U4. 88, 
2405. 

(2)  Father,  H.;  Irish.  D.  E.;  Pttracci,  S.  J.  Phys.  Chem.  IW.1,  87,  3515. 
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TABLE  I:  Equfrahsrt  Condurtaace  A  (fl~*  ci1  eqeir1) 
Concentration  e  (mal/im1)  (or  UCK)«  ia  ZMeTHF 

c  X  10*  A  c  X  104  A  c  X  10*  A 


TABLE  Ik  Static  t,  Viscosity  q  of  2M«THF,  Calculated 

1  Indtiag  Equivalent  Conductance  A*  (WiUm'i  Rale),  aa4  Valacs  of 
Aa  sad  Kt  for  UC104  ia  2MeTHF  at  the  Temperature  Investigated 


l  -  25.00  *C 


2.1329 

0.7462 

56.573 

0.1784 

830.59 

0.1952 

4.9423 

0.5113 

101.64 

0.1476 

1097.3 

0.2200 

10.683 

0.3582 

179.08 

0.1294 

2591.1 

0.3227 

27.842 

0.2357 

257.16 

0.1230 

t  -  5.00  °C 

7.9115 

0  4620 

134.81 

0.1703 

1177.74 

0.1746 

24.568 

0.3006 

285.96 

0.1468 

60.889 

0.2147 

537.50 

0.1433 

t  *  - 

•15  #C 

6.1472 

0.7019 

147.31 

0.2103 

1175.9 

0.1802 

13.818 

0.5093 

298.79 

0.1763 

1580.95 

0.2079 

56.736 

0.2897 

668.83 

0.1604 

t  ■  - 

35  *C 

9.7009 

0.7675 

156.65 

0.2519 

1296.05 

0.1825 

24.149 

0.5239 

307.81 

0.2059 

1983.9 

0.2226 

54.723 

0.3791 

660.51 

0.1678 

t  *  -43  *C 

5.3754 

0.9582 

94.881 

0.3274 

799.14 

0.1654 

12.990 

0.7124 

211.08 

0.2464 

964.67 

0.1655 

36.006 

0.4756 

454.59 

0.1871 

r.  K 

< 

q,P 

A«,  Q"1 
cmJ  equiv'1 

*A,  M-> 

At. 

M'1 

<W.  X 
104,  M 

298.15 

6.24 

0.0047 

144 

1.8,  x  10* 

33 

179.08 

278.15 

6.77 

0.0057 

119 

3.5S  x  10’ 

20. j 

285.96 

258.15 

7.38 

0.0072s 

93 

3.1  X  107 

10., 

298.79 

238.15 

8.10 

0.0096, 

70 

1.05  x  107 

U-4 

307.81 

230.15 

8.42 

0.0110 

61 

7.2  x  10* 

6.6 

211.08 

TABLE  IU:  Eng  trial  ratal  Auociatioa  Coastaats  Aa,  Calcalated 
Values  of  JfF  (Eq  HI)  aad  Km  (Ef  IV),  aad  Corresponding  Distaace 
Parameters  dr  aad  im  far  UOO,  ia  2MeTHF  at  the  Varioas 
Tracers  tarn  Investigated 


T.K 

*A.  M1 

Kr.  M'1 

df  X  10*, 
cm 

Km.  M'1 

d% j  X  10*, 
cm 

298.15 

1.8,  X  10* 

1.82  x  10* 

4.36 

1.86  X  10* 

3.95 

278.15 

3.5S  x  I07 

3.57  X  107 

4.74 

3.58  X  107 

4.28 

258.15 

3.1  x  107 

3.06  X  107 

4.72 

3.08  X  107 

4.26 

238.15 

1.0S  X  107 

1.03  x  10’ 

5.00 

1.04  X  107 

4.50 

230.15 

7.2  X  10* 

7.26  X  10* 

5.10 

7.17  X  10* 

4.59 

the  corresponding  values  of  A  and  c  at  all  the  temperatures  in¬ 
vestigated.  The  data  have  been  interpreted  by  the  Fuoss-Kraus 
triple-ion  theory*  in  the  form 


investigated  the  conductance  of  LiC104  in  2MeTHF  down  to  -43 
°C,  namely,  to  temperatures  comparable  to  subarctic  or  strato¬ 
spheric  conditions.  This  hopefully  will  give  information  relevant 
to  the  solution  behavior  of  batteries  subjected  to  the  same  con¬ 
ditions.  Theoretically,  we  have  used  these  data  to  evaluate  the 
thermodynamic  parameters  for  triple-ion  formation  which  were 
compared  with  the  corresponding  theoretical  quantities  derived 
below. 

We  have  also  performed  infrared  spectra  on  LiCI04  solutions 
in  2MeTHF,  which  have  proven  to  be  useful  in  giving  structural 
information  in  a  concentration  range  where  conductance  theory 


where 


Ag(c)cl/2  = 


Ap  Aqt*t 
Ka1'1  KA't*\ 


(I) 


01) 


fails. 

The  above  background  has  been  useful  in  the  subsequent  work 
on  the  dynamics  of  the  solute  species  in  solution  performed  by 
ultrasonic  relaxation  kinetics  and  by  microwave  dielectric  spec¬ 
trometry. 

Experimental  Section 

The  equipment  and  procedure  for  the  conductance,1  IR  spectra,4 
and  ultrasonic1  and  microwave  dielectric  spectra'  have  been  de¬ 
scribed  before.  LiCI04  (Johnson  Matthew  Inc.,  Sea  brook,  NH) 
was  redried  at  70  #C  in  vacuo  overnight.  2MeTHF  (Aldrich) 
was  distilled  over  metal  sodium  and  benzophene  under  reduced 
pressure.  Solutions  were  prepared  by  weight  for  the  conductance 
work:  with  volumetric  flasks  for  the  IR  and  ultrasonic  and  di¬ 
electric  work  (adding  solvent  to  weighed  LiC104  predried  directly 
in  the  same  flasks),  contact  with  the  atmosphere  of  the  solution 
in  all  cases  was  limited  to  30-60  s,  namely,  to  the  time  necessary 
to  fill  the  IR  and  ultrasonic  cells.  For  the  conductance  work  at 
low  temperatures,  addition  of  the  weighed  portions  of  stock  so¬ 
lution,  from  weighing  burets,  to  the  solution  of  the  conductance 
cell  was  performed  outside  the  thermostat,  after  the  conductance 
cell  had  returned  to  room  temperature.  This  was  done  in  order 
to  avoid  condensation  of  atmospheric  humidity  because  of  tem¬ 
perature  gradients. 

Results  ami  CakuktfeBs 


is  a  term  lumping  all  the  interionic  terms  together*  In  particular, 
ff  =  1.8247  X  10*/(t7),/2  is  the  Debyc-HOckel  term  of  the  activity 
coefficient /*  exp((-2.303 / Ao3/2)/f(cA) 1  /2]  and  S  =  [0.8204  X 
10*/(€T)j/2]Ao  +•  82.501/q(e7V/J  is  the  Onsagcr  coefficient  of 
the  conductance  equation  A  *  Ao  -  5(cA/Ao),/2.  In  the  above 
the  values  of  the  permittivity  r  and  of  the  viscosity  coefficient  q 
have  been  taken  from  the  work  of  Szwarc  et  al.7  both  at  T  -  298 
K  and  at  the  other  temperatures.  At  T  =  298.1 5  K  the  value  of 
Ao(LiC104)  =  26.75  IT1  cm2  equiv1  in  propylene  carbonate*  of 
viscosity  q  ■  0.0253  P  has  been  retained,  giving  Aon  =  0.677.  Then 
from  assumed  consistency  of  the  Walden  rule,  one  calculates  Ao 
*  144  £T‘  cm2  equiv'1  in  2MTHF  of  q  =  0.0047  P.  Figure  2  shows 
a  plot  of  eq  1,  namely,  Ag(c)cl/2  vs.  (1  -  A/Ao )c  at  t  =  25  8C. 
The  solid  line  calculated  by  linear  regression  up  to  c  *  179  x  10-4 
M  gives  r2  *  0.993,  intercept  *  0.01068,  and  slope  =  0.2353,  from 
which  one  evaluates  Aa  *  1.8j  X  10*  M'1  and  KT  *  35  M-1  having 
arbitrarily  retained  the  position  AT“  *  i/}A0  *  96  O'1  cm2  equiv-1 
as  done  before.2  Table  II  reports  the  values  of  Ao  (from  Walden's 
rule),  t,  q,  Aa,  and  Kr  at  all  the  temperatures  investigated.  Table 
II  also  reports  the  maximum  concentration  for  each  case  used  in 
applying  eq  I. 

Thermodynamic  Parameters.  In  this  section  we  shall  try  to 
extract  information  of  thermodynamic  nature  from  the  above  data. 
We  start  by  matching  the  values  of  Aa  with  the  Fuoss  association 
formation  constant’ 


Electrical  Conductance.  Figure  1  reports  representative  plots  ^  4 *Ldr}  *  e2 

of  the  log  of  the  equivalent  conductivity  A  for  LiCIO,  vs.  the  log  AF  =  jqqq  v;  P  *  tdrkT  (^) 

of  the  concentration  c,  at  various  temperatures.  Table  I  reports  F 

_  where  L  is  Avogadro's  number,  dT  is  the  minimum  distance  in 


(3)  Petnicci.  S.;  Hemmev  P.;  Battistini.  M.  J.  Am.  Chem.  Soc  1967. 89, 
5552. 

(«)  Saar,  D ;  Petnicci.  S.  J  Phys.  Chem.  19*0,  90.  3326. 

(5)  Petnicci.  S.  J.  Phys  Chem.  19*7,  ft,  1174.  Petnicci,  S.;  Battistini. 

M.  J.  Phys  Chem.  19*7.  71.  I  HI.  Onishi.  S.;  Farber.  H.;  Petnicci,  S.  J. 

Phys.  Chem.  1999.  84.  2922.  Reference  1 .  Petnicci.  S.;  Adamic.  R.  J.; 

Eyring,  E.  M  J  Phys.  Chem.  199*.  90.  1677 


(6)  Foots,  R.  M.;  Kraus,  C.  A.  J.  Am.  Chem.  Soc.  1933,  55, 476.  Fuoss, 
R.  M.;  Accascina,  F.  Electrolytic  Conductance,  Interscience:  New  York, 
1959. 

(7)  Nkjolls,  N.;  Sotphan.  C.;  Szwarc,  M.  J.  Phys  Chem.  19*9,  72.  1021 . 

(8)  Salomon,  M.;  Plichta,  E.  J.  Electrochim.  Acta  1994,  29.  731. 

(9)  Fuoss.  R.  M.  J  Am.  Chem.  Soc.  1998,  80.  5059. 
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Figure  1.  Representative  plot  of  log  A  vs.  log  c  at  various  temperatures 
for  LiCI04  in  2MeTHF.  The  arrow  indicates  the  approximate  position 
of  the  minimum  in  A. 


the  ion  pair,  and  <  is  the  permittivity,  with  other  symbols  having 
their  usual  significance.  Table  III  reports  the  calculated  Kf,  the 
experimental  *a.  and  the  corresponding  values  of  dr  used  for  the 
fit  (within  ±0.01  A).  The  df's  average  to  df  *  4.78  X  10~*  cm 
with  a  slight  trend  to  increasing  d  by  lowering  the  temperature 
or  increasing  the  permittivity  of  the  solvent.  As  <?F  =  4.78  A  is 
much  larger  than  the  sum  of  the  bare  radii  of  Li*  and  CI04~,  this 
trend  might  imply  an  increased  solvation  of  the  ions  (assuming 
the  trend  not  to  be  due  to  experimental  fluctuations  in  the  AfA’s). 

Notice  also  that,  at  these  low  permittivities,  there  is  not  much 
advantage  in  using  the  more  accurate  Bjerrum  expression 

4  , 

*  -  TooT^  (,V) 

as  the  asymptotic  expansion  of  Q(0)  leads  to10 
4  *Ldtj3  e* 

K%>~  1000  0 


Figure  2.  Fuoss-Kraus  plot  of  (Ag(c)cl/2)  vs.  (1  -  A/A0)c  for  LiCI04 
in  2MeTHF  at  l  -  25  °C. 


Figure  3.  (A)  van’t  Hoff  plot  of  In  Aa  vs.  1/T  for  Li0IO4  in  2MeTHF. 
(B)  van’t  Hoff  plot  of  In  *T  vs.  l/T  for  LiClO.  in  2MeTHF. 


which  for  large  0’s  identifies  numerically  with  the  Fuoss  function 
Kf  as  c*/3  =  ee/0,  the  et  term  being  predominant.  A  check  of 
the  closeness  of  the  two  equations  has  been  made  by  recalculating 
KB j,  fitting  it  to  the  experimental  data.  For  this  calculation,  the 
asymptotic  expansion  made  by  Fuoss  and  Kraus10  has  been  re¬ 
tained  for  Q 

log  Q(0)  s*  0.43430  -  4  log  0  +  log  (1  +  «) 

with 

+  +  +  (V, 

e  ff1  p 

sufficiently  valid  for  0  >  15.10  In  the  present  case  i  has  been 
expanded  up  to  the  term  in  0s.  The  results  are  collected  in  Table 
III  together  with  the  corresponding  values  of  d% i  used  for  the  fit 
(within  ±  0.01  A).  The  d^'s  average  to  dv  m  4.32  X  I  O'*  cm  with 


(10)  Hamed,  H  .;  Owen,  B.  B.  The  Physical  Chemistry  of  Electrolytic 
Solutions,  3rd  ed;  Rcinhoid:  New  York,  1958;  pp  170-171. 


a  discernible  trend  to  larger  values  by  increasing  permittivity  and 
lowering  temperature. 

Figure  3  A  reports  the  van’t  HofT  plot  of  In  KA  vs.  1  /  T.  Linear 
regression  gives  r1  =  0.93,  intercept  =  28.5,,  and  slope  =  -2957, 
from  which  AHe  m  5867  cal 'asol  and  AS0  *  56.7  ca!/(K  mol). 
In  the  past,  some  of  us  have  calculated"  the  thermodynamic 
parameters  associated  with  the  Bjerrum  functions  IV,  namely 
AGeB)  *  -RT  in  K, , 

AS-,  -  *(,«  -?■[}+  ^  ][  j  +  IV,, 

« -*rT  3  +  — + 

’  [  QW' \IT  dr  J 

In  2MeTHF  d  In  t/dT  *  -4.705  X  I  O'3  from  the  permittivity  data 


(II)  Williams,  J.-,  Petrvoci.  S.  J  Phys.  Chem.  1973.  77,  130. 
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TABLE  IV:  Experimental  i mi  Calculated  (Eq  VII)  Values  of  the 
Triple-Ion  Formation  Coastant  aad  Value  of  the  Ioa- Dipole  Distaace 
a  Calculated  from  the  Debignore-Bjemim  Theory  (Eq  VII) 


T,  K 

Kr,  M~> 

Kr  (eq  VII), 
M"> 

a  x  10*, 
cm 

298.15 

33 

33.17 

5.95 

278.15 

20., 

20.62 

6.40 

258.15 

19., 

19.68 

6.40 

238.15 

IF, 

11.31 

7.20 

230.15 

6.6 

6.58 

8.30 

LICKh  0.BO7M  In  2Me  THF 

4-^-T 


0.4-  F01  -Ota  em"' 

onr’ 

A0i  -Ml 
vot  -  CM  onr’ 

<A‘jW160  em~' 

0.3  -  *01  *0  -14 

1*0,-054  cm •’ 
(Aw,),,,-  10.0  cur1 

Ag,  -  0.000 

I  '0.0030  mm 
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Figure  4.  Digitized  absorbance  A  vs.  wavenumber  t  for  the  D«  region  of 
the  infrared  spectrum  of  LiCI04  (0.42  M)  in  2MeTHF.  The  dashed  lines 
correspond  to  the  three  Gaussian-Lorentzian  component  bands  of  the 
spectral  envelope  (solid  line). 

of  the  literature  at  various  7's.7 

Equations  VI  for  AS°Bj  and  A/f°Bj  have  been  evaluated  for 
various  values  of  the  ion  pair  minimum  distance  d  (varing  it  in 
steps  of  0.01  A).  The  calculated  values  are  AS°Bj  *  56.7,  cal/(K 
mol)  for  d  -  3.83  x  1(F*  cm  and  A H0^  *  5867  cal/(K  mol)  for 
d  *  3.48  X  I<T*  cm.  The  figures  for  d  are  reasonable  when 
compared  to  d  =  4.32  x  10"*  cm,  considering  that  they  depend 
on  AS",  a  quantity  calculated  by  a  long  extrapolation,  and  A H*, 
a  quantity  depending  on  the  first  derivative  of  In  with  respect 
to  1/T.  It  appears  therefore  that  3  *  (3.9  ±  0.4)  X  1(F*  cm,  giving 
equal  statistical  weight  to  the  three  quantities. 

We  wish  now  to  direct  attention  to  the  triple-ion  formation 
constants.  Recently,12  we  have  proposed  the  Delsignore-Bjerrum 
expression  for  the  triple-ion  formation  constant 

*'-w ‘’"e-Kf'H  (vii) 


Q  -  J^sinh  */%7''2)  d* 


pn  *1/2  hV2  1,9/1  *13/2 

' "  "  1.5  +  (1/2)3!  *  (5/2)5!  +  (9/2)7!  +  (13/2)9!)  + 

...  -  0.2556 

(12)  Delsignore,  M.;  Fsrbcr,  H.;  Pet  rued,  S.  1.  Pkys.  Chen.  tW,  90,  66. 
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6s  L 


*((H5/2)) 

(n  -  (5/2))n! 


valid  for  all  odd  n's. 

By  extending  n  to  n  =  15,  we  have  calculated  the  values  of  Kr 
according  to  eq  VII  varying  the  values  of  a,  the  ion  to  dipole 
minimum  distance,  within  steps  of  ±0.05  A.  In  the  above  the  value 
Muck),  =  14.5  X  1CF*  esu  cm  found  in  THF  by  dielectric  microwave 
spectrometry13  has  been  retained  in  the  present  case,  for  the  solvent 
2MeTHF.  The  calculated  values  of  KT  are  reported  in  Table  IV 
together  with  the  used  values  of  a.  There  is  (as  in  the  ion  pair 
calculation)  a  definite  trend  for  the  o’ s  to  increase  by  increasing 
permittivity.  The  average  values  is  d  =  6.85  X  KF*  cm,  in  rea¬ 
sonable  accord  with  the  axiom  1.5<?  =  a,  leading  to  3  =  4.57  x 
KF*  cm,  reasonably  dose  to  the  values  of  3f  and  3^  reported  above. 
Figure  3B  reports  the  van’t  Hoff  plot  of  In  Kr  vs.  1/T.  Linear 
regression  gives  r2  =  0.91,  intercept  =  8.33,  and  slope  =  -1436, 
from  which  A//°T  -  2.85  keal/mol  and  AS°T  =  16.6  cal/(K  mol). 

It  was  of  interest  to  compare  these  figures  to  corresponding 
theoretical  parameters.  To  this  end,  we  report  the  following 
derivation.  From  eq  IV  one  writes 

AG°T  =  ~RT  In  Kr  =  -RT  In  K0  -  l/,RT  In  6  -  RT  In  Q 

(IX) 


[dAG°T  I 

-^r-  =  R  In  K0  +  %R  In 


„  d  In  b  db  „  ,  „  d  In  Q  dQ  db 
y2RT-——  —  +  R  In  Q  +  RT—~  — 
n  db  dT  K  dQ  db  dT 


AS#t  = 


eu 

’  1  dr1 

.1^1- 

,il 

a2k 

T  dt 

d  rH 

t  dr  J 

rj 

dg  _  sinh  b  _  eb  - 
db  ~  b1!1  ~  lb1'1 


AS^t  =  R  In  K0  +  R  In  Q  +  }/2*  In  b 


<x> 


A//°t  =  AG°t  +  TAS°r  * 

-Rt\  \  ^  If  ~7^r  +  i]  (XI) 

1,2  Q  26VJ  Jl  dT  T J 

Values  of  d  In  t/dT  *  -4.705  X  1(FJ  were  taken  from  literature 
results.7  By  varying  a  in  steps  of  ±0.1  X  KF*  cm,  it  was  calculated 
A fPj  m  2.92  keal/mol  for  a  *  4.50  X  1(F*  cm  and  AS°T  *  16.7 
cal/(Kmoi)  fora  M  5.0  X  10"*  cm.  These  figures  for  a  are  smaller 
than  the  one  calculated  from  the  Kr  but  still  reasonable  considering 
that  the  van’t  Hoff  plot  gives  A/f°T  from  the  derivative  of  In  Kr 
vs.  (1/7)  and  that  AS°T  implies  a  long  extrapolation. 

Infrared  Spectra.  The  perchlorate  ion  has  tetrahedral  sym¬ 
metry,  Td,  when  spectroscopically  free  with  nine  normal  modes 
of  vibration.  The  free  ion  shows  four  fundamental  vibrational 
bands,14  of  which  two  are  Raman-active  only  and  the  others  are 

(13)  Farber,  H.;  Petrucci,  S.  J.  Pkys.  Oum.  1*75,  79,  1221. 

(14)  Irish,  D.  E.  In  Ionic  Interactions;  Pttrucci,  S„  Ed.;  Academic:  New 
York,  1971;  Vol.  II.  Burger,  K.  Coordination  Chemistry,  Chemical  Rubber 
Co.;  Cleveland,  OH,  Chapter  3,  and  Buttenvorth:  London,  1973.  Translated 
edition  of  Modern  Koordinacios  Kendal  Vltsealo  Modsserek ;  Akademiai 
Kiado:  Budapest,  Hungary,  1967.  Cans,  P.  Vibrating  Molecules,  Chapman 
and  Hall:  London,  1971;  p  196. 
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TABLE  V:  Interpretation  of  the  *4  Band  Envelope  of  the  Infrared  Spectrum  of  LtCI04  in  2MeTHF  by  Three  Ganaaian-Lorentziaa  Product 
Functions 


i 


i 


A  =  ZAf 
fi 


(»  -  hj)2 1'1 

a‘  J 


QjCIO.. 

M 

A*Us 

mm 

*01. 

cm"1 

(A*|)ij2, 

cm*' 

A,‘ 

>02* 

cm'1 

N 

p 

a2° 

*03* 

cm*1 

(A**)  1/2. 

cm"' 

A 3° 

1.01 

0.0527 

625 

15 

0.64 

639 

15 

0.15 

654 

15 

0.080 

0.80, 

0.0535 

625 

15 

0.51 

639 

15 

0.14 

654 

15 

0.050 

0.61 

0.0537 

624.5 

14.5 

0.4) 

639 

14.5 

0.12 

654 

14.5 

0.044 

0.42 

0.0512 

625 

14 

0.288 

639 

14 

0.06 

654 

14 

0.032 

0.30 

0.0504 

625 

14 

0.22 

639 

14 

0.035 

654 

14 

0.028 

0.21, 

0.0488 

625 

14 

0.17 

639 

14 

0.026 

654 

14 

0.022 

0.10j* 

0.0468 

624 

12 

0.06, 

‘Satellite  bands  are  no  longer  detectable  at  this  concentration. 


both  Raman-  and  infrared-active.  Specifically,  the  nondegenerate 
»i  =  935  cm'1  band,  corresponding  to  symmetrical  stretch,  is  only 
Raman-active.  The  doubly  degenerate  band  at  i>2  ~  462  cm"1 
(symmetrical  bend)  is  also  infrared-inactive.  Of  the  other  two 
bands,  the  triply  degenerate  at  1 102  cm-1  (asymmetrical  stretch) 
and  the  triply  degenerate  »4  at  628  cm'1  (asymmetrical  bend)  are 
both  Raman-  and  infrared-active. 

We  have  chosen  this  last  band  as  the  spectral  range  of  study 
because  the  solvent  is  transparent  in  this  wavenumber  region. 
Upon  perturbation  of  the  C104~  ion  through  coordination  or  in¬ 
teraction  involving  a  single  oxygen  atom  Li-OCIO),  the  symmetry 
is  lowered  to  C3„;  there  is  a  partial  lifting  of  the  degeneracy  of 
the  F]  modes  to  give  two  lines  (A  and  E  species)  respectively  at 
574  and  585  cm*1. 

Similarly,  upon  interaction  of  the  C104*  ion  through  two  oxygen 
atoms  as  in  the  chelate 


there  is  removal  of  the  degeneracy  because  the  symmetry  is 
lowered  to  with  possible  appearance  of  three  distinct  lines, 
the  A,,  B,,  and  B2  species  with  bands  centered  at  641, 610,  and 
571  cm*',  respectively.14 

In  practice,  at  times  these  additional  bands  either  are  not  visible 
or  appear  as  shoulders,  depending  on  the  relative  concentration 
of  the  species. 

As  shown  below,  for  the  spectra  of  this  work,  the  majority  of 
the  C104*  appears  to  remain  in  the  Td  symmetry  with  a  band  at 
625  cm*1.  A  satellite  band  at  643  cm*1  appears,  but  no  bands 
at  610  and  at  571  cm  '  are  visible.  In  addition,  a  band  at  654 
cm*1  appears,  making  the  interpretation  based  on  lowering  of  the 
symmetry  from  Td  to  C2p  doubtful. 

Figure  4  shows  a  representative  digitized  spectrum  of  LiCI04 
in  2MeTHF.  The  solid  line  has  been  calculated  as  the  sum  of 
three  Gaussian-Lorentzian  product  functions  of  the  type15 


(XII) 


where  A  is  the  absorbance,  A*  is  the  maximum  absorbance  of 
a  given  band  centered  at  the  wavenumber  »0/<  aj  is  the  corre¬ 
sponding  variance,  at  ■  (A»y)l/2/l  .46,  where  (APy) ,/2  is  the  width 
of  each  band  at  half  the  maximum  absorbance,  Af/l. 

Equation  XII  is  a  stmiempirical  expression  trying  to  mediate, 
for  each  band,  the  fitting  by  a  Gaussian  factor,  exp(-(P  ~  h )J/2«J] 
(which  is  particularly  appropriate  for  solids),16  and  the  Fitting  by 
a  Lorentzian  factor,  (1  +  (P  -  P©)2/ «r2]-1  (which  is  particularly 


(15)  Saar,  D.;  Brauncr,  J.;  Farber,  H.;  Petrucci.  S.  J.  Phys.  Chem.  1978, 
82,  545. 

(16)  Donotadze,  R.  R.;  Itskovitch,  E.  M.;  Kuznetsov,  A.  M.;  Vorotytsev, 
A.  M.  A.  J.  Phys.  Chem  I97S,  79,  2*27. 


appropriate  for  gases),'6  to  the  case  of  a  liquid  as  an  intermediate 
state  of  aggregation  between  solid  and  gas. 

In  other  words,  eq  XII  tries  to  represent  the  shape  of  a  single 
infrared  band  in  a  liquid  as  a  50%  average  of  the  functional  shape 
of  a  solid  and  a  gas.  Equation  XII  was  used  by  Irish  et  al.  in 
liquids,17  and  it  has  also  been  utilized  in  this  laboratory  in  the  past, 
for  electrolyte  solutions.4'11  Functionally,  a  pure  Gaussian  function 
with  oj  =  (Ai>)1/2/2.355  causes  A°  to  decrease  too  fast,  by  in¬ 
creasing  (P  -  Poy),  to  be  able  to  account  for  the  'wings’*  of  a  single 
band  of  an  infrared  spectrum  in  liquids.  A  pure  Lorentzian 
function  with  <ry m  (Apy)1/2/2.00  causes  A°  to  decrease  more  slowly 
by  increasing  (P  -  poy).  By  multiplying  Af  by  both  factors,  as 
in  eq  XII,  the  “wings6  of  the  infrared  spectra  are  described  more 
successfully.  This  is  shown  in  Figure  4,  in  the  wavenumber  range 
610-600  cm*1,  where  influence  from  the  satellite  bands  is  neg¬ 
ligible. 

The  overall  Fit  of  the  spectral  envelope,  which  is  quite  sensitive 
to  variation  of  the  parameters  for  each  band,  has  been  achieved 
by  minimizing  the  quantity  15* -  A\,  where  the  summation 
is  extended  to  the  all  digitized  data.  Table  V  reports  the  pa¬ 
rameters  Poy,  (APi  /2)y,  and  Aj  used  to  deconvolve  the  infrared 
spectral  envelopes  at  all  the  electrolyte  concentrations  investigated. 

Previous  attempts  of  fitting  the  spectra  by  two  Gaussian- 
Lorentzian  components  were  numerically  rather  successful  at  the 
cost  of  shifting  the  satellite  band  from  P02  -  650  cm1  at  c  -  0.21 5 
M  to  P02  =  643  cm'1  at  c  =  1.01  M,  broadening  APw2  from  25 
to  30  cm*1  for  the  two  above  concentrations.  Both  these  shifts 
were  judged  not  acceptable,  probably  reflecting  the  computer 
attempt  at  describing  the  satellite  shoulder  by  a  single  band. 

From  Figure  4  and  Table  V,  it  appears  that  the  band  at  P0|  ss 
625  cm*’  corresponds  to  the  spectroscopically  free  CI04*.  Given 
XA  «  10*  M*1  from  the  conductance  data,  it  is  apparent  that  the 
major  species  in  solution  of  LiC104  in  2MeTHF  is  either  a  sol¬ 
vent-separated  ion  pair  (Li*S,  C104~)  or  a  solvent-separated  dimer 
(Li*S,  C104*,  S„  Li*S,  C104~),  both  species  being  spectroscopically 
indistinguishable  by  the  IR  spectra  above.  This  is  a  relevant  point 
in  view  of  the  results  by  ultrasonic  relaxation  given  below.  In  other 
words,  at  the  higher  concentrations  used  in  the  infrared  work  (with 
respect  to  conductivity),  it  is  not  unconceivable  that  solvated  dimers 
(solvent-separated  ion  pair  dimers)  exist.  These  species  are  not 
distinguishable  from  solvated  monomer  ion  pairs,  the  only  source 
of  information  being  the  CI04~  »4  vibration  and  its  perturbation 
by  “contact”  with  cationic  species.  The  other  two  bands  of  much 
smaller  amplitude  at  ~639  and  ~654  cm*1  are  tentatively  at¬ 
tributed  to  contact  species,  although  their  molecular  nature  is  not 
definite.  In  Figure  5,  the  maximum  absorbances  per  unit  length 
of  cell  (Af/l)  are  plotted  vs.  the  total  concentration  of  electrolyte. 
Nonlinear  regression,  giving  50%  statistical  weight  to  the  origin. 


(17)  Davit,  A.  R.;  Irish,  D.  E.;  Rodin,  R.  B.;  Weerheim,  A.  J.  Appi. 
Spectrosc.  1972,  26,  384. 

(18)  Saar,  D.;  Brauner,  J.;  Farber,  H.;  Petrucci,  S.  J.  Phys.  Chem.  1978, 
82,  545.  Irish,  D.  E.;  Tang,  S.  Y.;  Tails,  H.;  Petrucci,  S.  In  Techniques  ami 
Applications  of  Fast  Reactions  in  Solution ;  Gettings,  W.  J.,  Wynn  Jones,  E„ 
Eds.;  R.  Reidel:  Dordrecht,  1979;  p  333. 
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Figure  5.  Infrared  maximum  absorbances  per  unit  length  of  the  three 
Caussian-Lorentzian  bands  of  the  deconvoluted  P4  envelope  vs.  concen¬ 
tration  for  LiCIO«  in  2MeTHF. 


Ma-WIM-V 


Figure  6.  Representative  ultrasonic  relaxation  spectrum  expressed  as 
excess  sound  absorption  per  wavelength  y  *  a„c  X  vs.  frequency  /  for 
LiCI04  in  2MeTHF. 

fits  a  cubic  polynomial  to  the  data  for  the  three  bands  according 
to  the  calculated  functions: 

A°i2i I,  =  -0.1627  +  180.78c  -  141.55c2  +  80.71c3;  r2  = 

0.999 

=  0.01505  +  5.404c  +  84.71c2  -  61.76c3;  r2  =  0.996 
-4®sm//  =  -0.0089  +  3 1 . 109c  -  52.75c2  +  36.34c3;  r2  * 

0.998 

The  solid  lines  in  Figure  5  depict  the  three  functions  above. 

Ultrasonic  Relaxation.  With  the  structural  information  outlined 
above,  from  the  conductance  and  infrared  results,  we  wish  now 
to  discuss  the  dynamics  of  LiCI04  complexes  in  2MeTHF  studied 
by  ultrasonic  relaxation  techniques. 

In  Figure  6  a  representative  plot  of  the  excess  sound  absorption 
coefficient  per  wavelength  y  -  (a  -  Bf*)(u/f)  is  shown  plotted 
vs.  frequency /  The  solid  line  is  the  fitted  function  according  to 
a  single  Debye  relaxation  function: 

f If 

y  =  2»m.,  ■  -  ■  ■  ■;  (XIII) 

i  +  (f/f,y 

In  the  above,  o  is  the  attenuation  coefficient  (Np/cm),  B  is  the 
background  absorption  (a//*)/*./,  at  frequencies  much  higher  than 
the  relaxation  frequency  also,  y  *  ymt  at  /  *  /r.  Table  VI 
reports  all  the  calculated  ultrasonic  parameters  and  the  sound 
veloxity  u.  Figure  7  shows  vs.  c  X  10"3  (mol/cm3).  The  solid 
line  has  been  calculated  by  linear  regression,  giving  r2  *  0.98, 
intercept  *  19.6  x  1  O'5,  and  slope  *  15.99  (giving  50%  of  weight 
to  the  origin).  The  fact  that  ym  is  approximately  linear  with  c 
and  that  (Table  VI)  f,  is  independent  of  concentration  for  c  > 
0.1  M  suggest  that  the  observed  ultrasonic  relaxation  corresponds 
to  first-order  or  a  pseudo-first-order  process. 


TABLE  VI:  Calculated  Ultrasonic  Parameter*  ^  f„  B,  ate  Sound 
Velocity  a  for  LiCIO*  ia  2MeTHF  at  the  Concentrations  and 
Temperatures  Investigated 

~  Jt  B  x  ,0n  “  x  10s 

/,  -C  c,  M  10s  MHz  cm’1  s2  cm/s 


CxlOs(moV4nA — — 

Figure  7.  Excess  maximum  sound  absorption  per  wavelength  m.  vs. 
concentration  c,  for  LiC104  in  2MeTHF  at  ;  =  25  °C. 

Maascr,1*  in  her  Doctoral  dissertation,  investigated  LiC104  in 
a  50%  mixture  of  2MeTHF-THF  by  the  ultrasonic  pulse  tech¬ 
nique.  She  reported  two  relaxation  processes  which  were  inter¬ 
preted  as  related  to  the  two-step  dimerization  process 

2M  ==  M,M  ==  M,  (XIV) 

*-l  K-J 

with  M  the  monomer  ion  pair,  M,M  the  solvent-separated  dimer 
(LiCI04-LiCI04),  and  M2  the  contact  dimer  (LiCI04)2.  By  going 
to  pure  2MeTHF,  the  above  process  may  have  shifted  to  the  right 
enough  that  the  scheme 

M,M  ==2  Mj  (XV) 

*-2 

may  remain  (at  c  >  0.1  M)  the  relevant  process  that  can  be 
observed  by  ultrasonic  relaxation.  For  the  “slow"  process  asso¬ 
ciated  with  scheme  XIV  one  writes 

*  AFn2 

"  "  £  ~RT] r-"  (XV,) 


AKn  =  AKj  +  - - AF,  «  AF}  (XVII) 

Xi(M)  +  (M,M) 


for  (M)  «  (M,  M) 


'/«(M)  +  (M,M)  (Mj)  J 
(M2)(M,M)  X2(M,M) 

(M2)  +  (M,M)  “  1  +  K2 


(Ms)  ]  ~  [  (M, 


M)  +  (M2) 


(1  +  X2)2 


[(M,M)  +  (M2))  (XVIII) 


(19)  Miner,  H.  E.  Doctoral  Distertation,  Rutgers  University,  1992. 
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K,  =  — 


(M.M) 

(M)2 


(M2) 

(M,M) 
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TABLE  VII:  Cdbctd  Kinetic  aa d  Ttenw^ywic  hnHw  for 
the  Ohaerved  EqaUihri—  la  Soladw  et  UOO,  m  2McTHF _ 

4-2  or'»l.5x  10*  s'1  AH2  *  3.60  kcat/mol 

AS-2*  =  -14.9  cal/(K  mol)  AHf  -  5.45  kcal/mol 
AH. 2*  =  1.8S  kcal/mol 


mh  »  tz  -dr - 1 — :[(M,M)  +  (M2)J  (XIX) 

"  20,  RT  (I  +  K2)2 

and  since 

c  =  2(M2)  +  2(M,M)  +  (M)  2(M2)  +  2(M,M) 

ir  AK22  K2 

-  -  55:  ,xx> 

predicting  an  approximate  linearity  between  Mn  and  c,  as  observed 
(Figure  7).  For  c  >  0.1  M,  where  presumably  (M)  «  (M.M), 
(M2)  (as  shown  by  the  constancy  of  f  in  Table  VI),  scheme  XV 
predicts  also  that 

r'1  =  2r/r  *  k2  +  k.2  (XXI) 

where  r  is  the  relaxation  time  of  the  observed  process.  The 
infrared  spectra,  above,  seem  to  indicate,  however,  that  solvent- 
separated  species  are  preponderant.  This  would  imply  that  the 
equilibrium  constant 

*  „ 

2  (M.M)  k.  j 


and  that 


T-i  ~  k  ,  =  —e*5-!*'* 


(XXII) 


where  the  symbols  have  their  usual  significance.  Equation  XXII 
leads  to 


dln(T-yr) 
d(l /T) 


(XXIII) 


Linear  regression  of  In  (r  '/D  vs.  1  /T gives  r2  *  0.978,  intercept 

*  16.27,  and  slope  =  -930.3,  from  which  one  calculates  AS.2 

*  -14.9  cal/(K  mol)  and  AH  '  *  1.85  kcal/mol.  Also  for  scheme 
XV 


t  AKn2  K2 
Mm  40,  RT  (i  +  K2yC 


(XXIV) 


(having  set  c  a  2(M,M)  +  2(M2)).  In  the  above  0,  is  the  adiabatic 
compressibility,  0,  =  (pu2)"1,  and  p  is  the  density  of  the  liquid 
(approximated  to  the  solvent  density).  AVn  is  the  adiabatic  volume 
change;12  AVn  ae  AV2  for  (M)  «  (M,M).  Equation  XXIV  leads 
to  (for  <  1) 


d  In  (pmr/«2)  d  In  K2 
d(l  IT)  *d(l /T) 


(XXV) 


neglecting  the  temperature  dependence  of  p.  From  the  data  of 
Table  VI,  linear  regression  of  the  quantity  In  (umTju1)  vs.  1/7" 
gives  r2  *  0.999,  intercept  *  -16.989,  and  slope  *  -1810,  from 
which  AH 2  *  3.60  kcal/mol  and  AH2'  m  AH2  +  AH.2*  =  5.4S 
kcal/mol.  All  the  kinetic  and  thermodynamic  parameters  for 
L1CIO4  in  2MeTHF  are  collected  in  Table  VII. 

Microwave  Dielectric  Relaxation.  Figure  8  reports  the  coef¬ 
ficients  of  the  real  part «'  and  of  the  imaginary  part  tf'  of  the 
complex  permittivity  t*  *  t'  -  Jtf'  of  LiCI04  (0. 1  M)  in  2MeTHF. 
In  the  above  <4"  is  the  coefficient  of  the  imaginary  part  of  the 
permittivity  t"  corrected  by  the  conductance  contribution  to  the 
loss  t,"  *  1 .8  x  I012  x//.  namely,  u"  “  «"  "  «*"•  The  solid  lines 
in  Figure  8  are  the  sum  of  two  Debye  contributions  centered  at 
1 .8  and  35  GHz,  respectively.  The  one  at  35  GHz  is  attributed 
to  the  dielectric  relaxation  of  the  solvent,  whereas  the  one  at  1 .8 


TABLE  VIII:  Dielectric  Rdaxatiaa  Parameters  <*,  <_»  f ,,  ft 

aad  Experimental  Electrical  Conductivity  x  for  U004  la  2McTHF  at 


r-  25  *c 

C,  M 

«0 

<-1 

‘-j 

/,.  GHz 

/2,GHz 

X,  Q"1  cm  1 

0.30 

9.8 

6.1 

2.5 

1.8 

35 

2.23  X  I0-* 

0.207 

8.9 

6.2 

2.5 

1.8 

35 

1.29  x  10-* 

0.106 

7.8 

6.2 

2.5 

1.8 

35 

3.59  X  10'5 

0.0468 

7.2 

6.2 

2.5 

1.8 

35 

1.03  X  10  s 

Flpn  8.  t',  the  coefficient  of  the  real  pan  of  the  complex  permittivity, 
and  <4",  the  dipolar  component  of  the  coefficient  of  the  imaginary  part, 
of  the  complex  permittivity  t*  *  t'  -  Jtf',  with  tf'  *t"-l.lx  1012  x/f. 
plotted  vs.  the  frequency/  System:  LiCIO(  (0.1  M)  in  2MeTHF  at  t 
«  25  *C. 


UlOwrEfct*  —  fmMn 

C  and  V».  a  c/»  tor 
joo«  *  i**T>r 


fto-MieeHuac-ionc* 


Figure  9.  Bdttcher  plot  of  the  function  0(<)  vs.  the  tout  concentration 
c  and  c/2  for  LiCIO,  in  2MeTHF. 

GHz  is  due  to  the  presence  of  the  solute.  Table  VIII  reports  the 
parameters  to,  t„  and  f2  according  to  the  functions 

('  “  (t0  -  t.i) - - - :  +  (e.i  -  t.2) - - - :  +  1., 

I  +  (f//, )2  I  +(///2)2 

«"  -  (t0l  -  t„)  —  ,  +  (t_,  -  t.2)  —  (XXVI) 

1  +  (///<?  1 +  V/A)1 

Figure  9  reports  the  Bdttcher  plot  of  the  function 
2to  +  1  AxLc  x  10‘3  M2 

=  <xxv,,> 
vs.  the  total  concentration  c  of  electrolyte.  In  the  above,  where 


,  -7-  (XXVII) 

(I -a/)2  3 hT 
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a  is  the  polarizability  and  /  the  internal  field  factor  term,  the 
expression  ( 1  -  af)2  has  been  approximated  to  unity,  as  done 
before.1 

A  definitive  curvature  of  the  plot  is  visible.  In  fact,  a  quadratic 
function  can  interpret  satisfactorily  the  function  4(e)  “  0.0182 
+  12.23c  -  10.02c2  with  a  determination  coefficient  r2  *  0.997, 
having  given  50%  statistical  weight  to  the  origin.  As  Kx  =*  10* 
Ml'1  and  the  extent  of  triple-ion  concentration  is  quite  small,  the 
inability  of  the  total  concentration  to  correlate  linearly  with  4(«) 
cannot  be  attributed  to  free  ions,  yet  it  means  that  not  all  of  the 
electrolyte  exists  as  dipolar  species.  The  above  could  be  taken 
to  reinforce  the  evidence  given  above  by  ultrasonic  relaxation  of 
the  presence  of  contact  dimer  ion  pairs  M2  which  are  presumably 
antiparallel  apolar  species.  The  ultrasonic  work,  however,  indicates 
that  the  monomeric  pairs  (M) «  (M-M),  namely,  that  they  are 
in  minor  concentration,  the  solvent-separated  dimers  (M— M)  being 
the  major  specie*  present.  Theoretically,  work  expressed  by  the 
Maascr-Bjcmim  theory20  assumes  successfully  that  the  dipolar 
component  ion  pairs  of  M— M  are  free  to  rotate  independently 
of  each  other.  The  mass  conservation  law  states  that 

c  ■  (M)  +  2(M~M)  +  2(Mj) 

as  (M— M)  is  the  predominant  species,  one  may  (as  a  zeroth 
approximation)  equate  c  »  2(M— M).  Therefore,  4(e)  ought  to 
be  approximately  linear  to  c/2.  Figure  9  shows  this  approximate 
linearity.  The  solid  line  corresponds  to 

4(e)  -  0.061  +  18.96(c/2) 

with  r2  «  0.991  having  given  50%  statistical  weight  to  the  origin. 
It  is  also  suggestive  that  by  equating  18.96  to  the  slope  of  the 
Bdttchcr  function  (4»L  X  10°  J)/lkT,  it  results  m  -  17.6  X  1< r'» 
esu  cm,  namely,  d  •  3.7  x  1(T*  cm  (having  taken  n  m  de),  which 
is  comparable  to  3  -  (3.9  4  0.4)  x  10"*  cm  found  by  conductance 
above.  Similarly,  from  the  Debye  relation 

r  *  (4 w<P/kT)n 

with  a  ■  0.0047  P,1  equating  the  microscopical  relaxation  time 
r  to  the  time  decay  of  the  polarization  due  to  the  solute  r  » 
(2  »/,)*'  *  88.4  X  10 12  s,  one  calculates  </  »  3.95  x  10"*  cm,  again 
a  comparable  quantity  (for  the  charge  separation  of  the  rotating 
dipoles)  to  the  figures  given  above. 
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In  dilute  solutions  electrical  conductivity  data,  coupled  with 
the  Bjerrum  theory  and  the  Delsignore-Bjerrum  theory  for  ion 
pairs  and  triple  ions,  respectively,  give  equilibrium  constants, 
thermodynamic  parameters,  and  reasonable  estimates  of  d  and 
a  (the  minimum  distance  for  the  two  species). 

At  higher  concentrations,  infrared  spectra  reveal  the  presence 
of  three  types  of  complexes,  solvent-separated  entities  (probably 
Li— CIO*  and  (Li-CICV-Lj-CIO*))  and  two  other  species,  possibly 
contact  species.  The  solvent-separated  species  are  in  prepon¬ 
derance  over  the  other  species.  Ultrasonic  relaxation,  in  a  con¬ 
centration  range  comparable  with  the  infrared  study,  reveals  the 
presence  of  a  first-order  equilibrium  between  twe  species.  The 
equilibrium  is  interpreted  as  due  to  solvent-separated  vs.  contact 
dimer  ion  pairs.  Kinetic  and  thermodynamic  parameters  are 
extracted  from  the  data.  Comparing  LiCIO*  and  LiAsF*  in 
2MeTHF  from  a  previous  work,'  it  appears  that  for  the  latter 
electrolyte  the  equilibrium 

2M  M-M  a  Mj 

was  shifted  toward  the  left,  the  overall  A,  ~  1.,  M~'  where  K, 
*  K,(l  +  Jtj).  For  LiCIO*  the  equilibrium  appears  shifted  toward 
the  right.  This  implies  (M)  «  (M-M),  and  because  we  have 
estimated  (M2)  <  (M-M),  the  solvent-separated  dimers  appear 
to  be  the  preponderant  species  in  solutions  of  LiCIO*  in  2MeTHF 


(20)  Muir,  H.  E.;  Mrignwe,  M.;  Newueift,  M.;  Petrscci,  S.  J.  Phys. 
Chem.  I9M,  98,  3100 


TABLE  IX:  Calcutstum  af  E*  (Eg  XXVUt)  and  af  ht  (Eq  IB) 
IMag  <  *  t(r)  sad  4y%  as  Variable  Baraamten  far  UCJQ*  la 


2-McTHF;  1  - 

2S  *C 

c  x  10*.  M 

X  10* 

**  *  10*. 

M*1 

KrX  10*. 

M*' 

df  X  10*,  cm 

0 

(10.698) 

1.81 

1.82 

4.36 

2.1329 

10.489 

1.89 

1.87 

4.32 

4.9423 

10.817 

1.77 

1.77 

4.33 

10.683 

11.075 

1.69 

1.68 

4.33 

27.842 

11.471 

1.S8 

1. 59 

4.32 

56.573 

12.153 

1.40 

1.42 

4.30 

101.63* 

13.217 

1.19 

1.20 

4.28 

179.07, 

15.023 

0.91, 

0.92, 

4.23 

in  the  concentration  range  —0.2-1  M.  The  analysis  by  dielectric 
spectra  reinforces  the  erideoce  of  the  presence  of  dimer  ion  pairs. 
The  BOttcher  function  4(c)  is  approximately  proportional  to  c/2, 
which  is  roughly  aqual  to  the  concentration  of  the  solvent-separated 
dimers  (M— M). 
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One  referee  questioned  the  qualification  of  the  nature  of  the 
satellite  bunds  for  the  s*  infrared  spectrum  of  LiCIO*  in  2MeTHF. 
It  may  be  useful  to  draw  comparison  with  a  current  effort  in  this 
laboratory  for  LiCIO*  in  1,3-dioxolane.  In  this  sol  vent  the  >* 
envelope  can  be  decoovoiuted  in  only  two  bands  centered  at  625 
and  639  cm"1,  the  band  at  6S4  cm*1  being  absent.  Onishi  et  al. 
(Onishi,  S.;  Farber,  H.;  Petrucci,  S.  J.  Phys.  Chem.  19BB,  84, 
2922)  could  not  find  an  ultrasonic  relaxation  for  LiCIO*  in  1,3- 
dioxolane,  at  variance  with  the  finding  of  the  present  work  in 
2MeTHF,  where  the  relaxation  is  interpreted  as  due  to  dimeri¬ 
zation.  Hence,  by  comparison  of  the  above  results,  one  could  argue 
that  the  band  at  654  cm*'  is  due  to  dimers,  probably  of  the  oontact 
type.  (Solvent-separated  dimen  would  be  indistinguishable  from 
solvent-separated  ion  pairs  at  625  cm*1.)  Similarly,  addition  of 
18C6  crown  ether  in  molar  ratio  1:1  to  LiCIO*  in  1,3-dioxoUne 
cause*  the  disappearance  of  the  639-cur '  band,  only  the  one  at 
625  cm*'  remaining.  One  ooutd  argue  that  the  crown  ether  causes 
separation  of  Li*  from  the  anion.  Hie  band  at  639  cm*1  could 
then  be  qualified  as  a  contact  species.  It  is  unfortunate  that 
addition  of  18C6  to  LiCIO*  in  2McTHF  causes  precipitation  of 
the  electrolyte.  Details  of  the  work  in  1,3-dioxolane  with  crown 
ethers,  by  several  parallel  methods,  will  be  published  at  a  later 
time. 

Note  Added  in  Proof  In  analyzing  the  above  conductance  data, 
one  could  argue  that  the  slope  of  the  log  A  vs.  log  c  plot,  bring 
different  from  -0.5,  and  the  appearance  of  a  minimum  are  due 
to  an  increase  of  the  permittivity  with  concentration  of  the 
electrolyte  (Table  VIII).  The  very  existence  of  the  triple  ions 
might  be  questioned  on  this  basts.21  We  believe  that  the  increase 
of  the  permittivity  has  an  overwhelming  importance  at  high 
concentrations  (c  >  0.1  M).  In  order  to  see  whriher  the  increase 
in  the  static  permittivity  is  relevant  also  m  the  concentration  range 
where  conductance  calculations  have  been  performed,  the  static 
permittivities  of  the  solutions  of  LiCIO*  in  2-MeTHF  at  f  •  25 
*C  have  been  fitted  to  the  cubic  polynomial  *  6.27$  4-  20.174c 
-  57.063c2  ♦  96.903c*.  At  each  concentration  of  electrolyte,  dm 
quantity  g(c )  (eq  II)  has  been  recalculated  by  using  the  solution 
permittivities  (instead  of  the  solvent  permittivity). 

By  diaunatmg  the  contribution  of  the  triple  ions  from  the  total 
conductance,  the  Fuoss-Kraus  expression  (eq  I)  reads 

A*(c)c>/2  *  (XXVIII) 

The  concentration  dependence  of  the  left  part  of  the  equation  amid 


(21)  Soagnad.  Jss.  Usimwty  af  Bergen.  Norway,  private  uwmiwaicsiwa. 
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be  rationalized  by  change*  in  KA.  due  to  the  increase*  of  the 
permittivity  of  the  solutions  with  electrolyte  concentration.  Table 
IX  reports  the  calculated  JfA'*  and  the  corresponding  Kf's  (eq  III) 
using  the  permittivity  of  the  solutions  and  the  dj s  (the  latter  as 
adjustable  parameters).  The  fit  is  remarkable  and  this  approach 


opens  an  intriguing  alternative  (namely  the  changes  in  «)  to  the 
presence  of  triple  ions  to  account  for  conductance  data  even  in 
diluted  solutions. 

MMry  Ne.  LidO*  779I-0J-9;  2MeTHF,  %-47-9 
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